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ROCK I_TOY_ E
A C9'VI.._,IOI%_ CflF _O_TI_ _%b_IE_ICAN AVIATION. IN_

_ ._i:_:¸

In this section the results of t'h_se '2 of' tile research study to determine

propulsion re(iuiremen_ systems for -13a(,_ m_sions are presented. From

the results of the first phase studies three space mlssions were selected

t'o1" eonsideration_ A boos*or veh_c*_ was selected for each mission to

establish a nominal spacecraf* sizv. _he Phase 2 studies considered
• . / " .

tl_e._e three mission/vehicle co$binB, tions in ihe light of a more eomprehen-

._ive scrutiny.

Tbe i,hree nominal mission/vehicle combirmtions selected by NASA for con-

_idera_ion in Pha._e '2 are d,.,-ct:"_-'.4 ,,. "able 5-[.

iJ

'_,H IF 3-1

SELE( fED _t!SS!O\ VE]U"I_E (O_IB_.XAIIO\'S

Spa ce
_llssion

Soft° Lunar Landing
and Return t.o Ear(h's

Surface (Aero)

._lars Orbit (No R(:_ur_i

Orbital Rendezvous

\ova H-h

\ ox'a F 6

\ ova H .'2

Nominal

Earth Escape

Payload., lb

i i50,000 (Vary from Nova

H-8 to Saturn C-2)

150:000 (Vary from Nova

It-8 to Saturn C-2)

• Substituted for ( 2

5 _ R-5208



ROCK ETI_Y_E

!IL. lunar m_._-_lm_ r, qu_rrs . -.ofl I.uar landin_ _.ind relLlrll io°l.]arlll°

'.h_rs orhil mis_io, v,_q_Jtrem-nt_ are the establishment of ff circular orbil

i_l'olllld _Jall._ _¢llb 11o l',:llll'l}.. ]'Ill a orhital rende×vous mission requires tilt,

m_,I its> of !:,o o_ u,..bt,, \,,l_i_ Ivs in un Farth orbil in a tna[lner lhat could

b_, _ls_.d._l'or oll_TiJl Im_ldup of sp_(e vehicles° In tll_a selection of these

C(III_IjilIIlliOllS It Wtl,,a lifidel"a|o0(] l'[1¢t_ primary emphasis would be placed UpOll

[lte IIIIILtI" i_lld xlatl> a llliSSiOllS.

fh, _ .ominut sp.(e vehic[_ for ,ht. lunar und Mars missions wus based upon

lhe cat)ahi|lli_,_ of the \ovu 11 b booster vehicle. Ori_lnal]y the orhital

rrndezvm,s studies _ere to be based upon the capabilities of the Saturn

('-2 _ysl(.m. It. was unders;ood ho_ever.: that the C'2 booster/second-

st;,_e ('oml_ina*ion will no* he drvelolmd ; thus the nominal vehicle was

ba_,d ot_ {he calmhili,' Y of the \o_a }J-2 booster which is approximately

lht, SilFlle ilq |}}{' Saturn c-3. in oa_h of these mission studies the effects

of emplo_'_ng ul,eruale hoosier \eh_c!es which would result in a different

size spar{, vehi_ le w'ere tuvesttga,ed.

Phase 2 study effort is outlined _n Fig. 5-1. Preliminary studies of

tile propulsion systems used in accomplishing the space missions were con-

ducted, l'hes_e s*udio_ included ('o_,sfderation of enviro_unental effects,

preliminary s,,lec_on of ellgir, e opol't_l, il]g paramelers, and estimates of

th(' vurio_s deviations in engiu_, pvr!',n'm_,uce. Rather than establishing

the delails of a specific system on de_.ailed engine design layouts,'the

st ud.ies were conducted in a general fashion, being direeted toward *he

preliminary evaluation of !he ,..rio.us al'ernative systems.

l'he relu! ion of _he vehirJe prolm]sion _vstem and the mission/traject.ory

requiro,nents _,.as d_te{_.od of uecesaitv to receive primary emphasis in

the Ph;_s_'2 _._dv _.t't'or'_ A!_l_ouah "he hasic energy' requiremenLs of _he

-5 .'2 tl,- 5208
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ROCKE_FD¥_E

A DIVPS_ON o_ NORTH AMERICAN AVIATION. ir4C,

V_tl'ioil_ [)l'OpDl>lV(' m. neuver: ronlained [n the :elect,e(i sl_('e mis:ion_

w*,re aual\/ed in the Pll_{se I _¢udie_ _hnt analysis indicated: (l) the

('los(, rt:!atiou4hlp of lrai(,(lorv and l)ropulsion requirements: (2). the

ill.lllIlllOFithlo _lIl('I'[lillt x.'O tI';IiI'('IOI'V s(hotile,4 iiIl(l (5) the lack of any avail-

_tt, l_, _ii _u<'lu_ive splice mission [rajectory information source.

.,

itts(, 2 lilt individuai trt_joetories for the?three space missions were

S_Lt_l+,_ t lo .(tditlo]l;_l detai !ed ev. lmttion to establish various methods o{

accoml)ii-hi:_'g I_e _pa, t' nil-_ions_ .,\ broad spectrtun of ttlose maneuver

(!ollll) i Ila t i Oll_ Was coils idered _ and the e ffeet._ o f the resul t ing prol)ul s ion

requiromenls on the space vehicle and its payload capability studied.

[,)ill)basis w_|s placed on the major propulsive phases_ _,laneuvers such as

allifude control were gi\.,sn secondary consideration° The different sys-

tem v_tr_a'_o_;s ,_' go -p_-cit'_c iml)uls- deviation, guidance errors, cutoff

impulse devia_ ion wl, r'_ sludled ill l,?rms of their effects on tile prot)ul-

sion syst_,m design and tim propulsive trajectory maneuver combinations.

:ks _he t,,('hnology for space flight advances, _peeific basic schemes as a

result of _tu,li,,,- _('h a_ _his, wi ! he shown to be opt.imum; however: at,

the curt'out S|tl[llg, cont;nuous_ further refinement can be expected. Review

of ball,stir i[_issile teclmolog) _upports this fact,. This st, udy camtot be

considered as an end product; thus it ts directed to further refine

future ,_paee propul._ion requiremeutso •

As the ,_tu(tv i4 directed to define future propulsion requirements, cur-

rent restricti_ criterta whi(:h wou!d influence propulsion have not been

considered as ultimate cri;eria_ For example, guidance and control sys-

tem_ for ,ut_,rplanetary and soft, lunar landing systems must be considered

as in their initial phases of development. Improvement in design and

con('ept can be expecle<to 'Ibus propulsion control requirements dictated

-5- t_ R-3208



ROCKETDYNE
A Oiv_glO_'_l "._,¢ _O_ _ _ A_E_ICAN AVIATION. INC_

a ° •

l_\-"firs'. eli ,I_I"_sv_,('r_- (':,nel,,"h,, Tot_idored as an ultimate goal . In

retrospect i11itt_il h_J_.is,_c p,_t_b,_,_,aud (ot_tro] systems required the

vehicle to "fly" ti I}re(l_ert]_:,(] I,i,',re _p_,('o have throttling, and cut-

off verniers: impz'ovetn_'nl in _u_']arv'__ and engine cutoff reproducibility

ha._ all but eliminated 1hes(, l,qu:_,,_,'_.

?

As a side!igh_ _o _hose ._,u,]_,._v-' (og_,izant of them the propulsion

as'stem chara(i'aris':c÷ or_._dffl._ed .\ ';s' of the specifications neces-

sary to characterize- ,Ire t,rol._ :'.on _ys'.'ms for the three space missions

was deve]opedo [:sing _nformat;m, fro_ 'b, mission and propulsion system

studies, these specifications are described in as great a detail as

pass ibl e.

lhe eva[ua'_ov_ 1pad :award ._..].-- r,_,'-9._ of recommended systems for

the three ._pace m_s._on_ _xo_ _,i. l:l-_, z_g thai the study effort has

not been sufficien, ly compr_h-,_- o d_.e_r_:'e!y establish the propul-

sion system details the recommend,-,] systems are considered of a prelimi-

nary nature. Arees of s,.ud_ ar_ augges'ed for future effort which will

aid in providing a more deta_ '--_ _._-r .... ._n of the desirable propulsion

systems.

The space vehicle sys,_ems and "h_ir prop,_'-:on _ys_em are examined, to

determine possible chauge_ ;_ d,-.¢.. _,'¢'r' f alternate booster

vehicles are employed _'hich _o,, :] T,-,_ ' _n a different size space

"vehicle sys'em boo.-,_r ,'ehi, =__ , "b_ r_,ng,. Saturn C-2 to Nova H-8

aro'_nsidered. Eff,'._s on -'_,_g: f_d -ys'_m_ and propellant selec-

tion are noted.

"55 R-3208



IlO CK ET DYI"_I E
A D_'vi_IcDr4 OF" NO_TH AMERICAN AVIATSON, tNC,

[N_I.:E{_ AXD ('OXCI_Ii._ I ONS

The l'l_,_-_e 2 s_;t.iy ",.'as (;.(_ndnc _'ed l,_ analyze and describe the requirements

t t!_, tl,r.e ._Im<'e missions |ha[ were recommended for further s_u<t,v in

l'ha._e l X(,,:essavy t<, the analysis of all three missions is the study

.f ('_,rtain l,r(_.pulsion system features. These features and tl_eir effects

,_n the prf_lmlslon sysl.em can be sludied to a great extent independent of

a pavt ieu,lav space mission.

Slm<',' En\'ivonmei)

Tire \arious constituents o.f ehe space environment were found to have

significant effects on the space propulsion system. The conditions of

hard vacuum, particulate radiation, zero _ravit, y, meLeoroids, and heat

transfer are all such that the operation of a propulsion system in

space will be seriously compromised unless the proper design procedures

life l'()llm, ed.

Hard vacuum and t)arIiculat(, radiation l)resent a problem primarily of

mterial _electi,m. By designing the propulsion system with mat, erials

which do not sublimate in a vacuum or deteriorate under particulate

radiation. _hese problems <an'bo circumvented.

3 -ti R-3208



Zt. ro gray| t', a_ld m,_I_,oroids pl" _scnt d_.Si_ll pt'ol)l_,ms Ill;t| Ol'C l'_c(,i\ i:J ,_ con-

sial-rabid, ail,n_i_l. Difii_ul,.,, of s_Imr_tion of ,=;is and liquid i_ pro-

p, lla_I t;ud,:._ is olw of lhc _::ore ._i_:it'iea,l! probl,,m.s "}Jrou,_ht_ abou! bx z(,ro

Kravitx couditious. \ulrl_,lo_> t_,,lho,]._ _)l a,'co_plisll[_ this have b_,_,a su_-

K_,sl_, [. _lany of i|wse. _lr(. ft, lt._[hl,, au,l can hi, incorporaCed in l_ropulsitm

system d_.sign. Prot(,_'tion of propels|oil ,_._[,'HIS |'rein puncfur(, by m_,t(,or-

oids appears to ])e provi,lcd Inoal vt'-ficienllv by "lthippl_, m,'t_,oroid bmnpers."

'lht,se thit_ shi(,lds SUt'l'OUll_|ittff fht' co[ItpOllt*ll( to [le }}l'o(,'tlt'd s(,eiIl to ll_,, vel'v

,,t'f_'t Iive in r(,duc tn_ (lie tie|it' tration o l' the hi_h-_.mt, r_zy m,, tet}roids. Ad,Ii-

ti,mal (_ffo_t is necessary to provid(, _oo,l design information.

l{eat, t:raasfer in spa(:_, presents pr_)bl_ns in sloriu_ propellanLs for

exL_mded times, lhesv problt.,ms _rts, , not only from Iiw l_twrmal radia-

L|on emitted by tilt, Sml and planc_s, bu_ from cotltluc[.ive heat transfer

_dlich occt_rs be_t, cen dissimilar prop,,ll;mts or betwc_,n th(, propellants and

other internal heat sourc_,s. Studi¢.s indicate that Lilt, "Earth storable"

propellants (hydrazine, etc.} can by easily m;_intaim,d through prope.r sur-

fact, and attitude cent, tel. ['or O_c missions currentl 3 contcmplai,,d, t,|_(,

cryogenic propellant, s (hydroget_, _,tc.) can Ire maintained by surface and

ailiim|e conil'ol in coml)inati,_m _,'i_h _he al>plicaiion of a _zood insulaLt_on

m_t(.rial such as Lind,' .<l-_t.

._lis._ion._ of lonK durat[o_ may require, so much insulation for the cryogenic

(hi_h-,,n_,r_y) prop_,llant combinalions lllat a storable propellant s vsi,em

will provide more pa31oad caI)ability, l'his is illust, rat,,d by Fig. 5-2

,t_,w, lop,,d in _his stud._. |hi, fi,_r_re pr,,,_ents the combination o£ stora_,,

t |me a_d prgpellant w_,ight whi,'h ¢'a/lst_ tilt" lmS-load of t|w cryogenic

(L02/1.!I _) comb|nat,|on to dc,:r,,as,. Io thai of the sl.orable propellant

_-, 1_-32t)8
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llO C 1_ _ TDYI'_ I_
A C_IV,S_ON O_ _OR_'_' _._E_!CAN AVIATION, IN_

O

_MO\ _L'qH i (+),_}+itm'ir)t_. !1' I!l,, ('otl_l)il_aii,m of storage time and propellant

wei,,J.h( r+,,_ult iti a po_t_t +Jl)o,+ ttw c'.rv_ + lh(_ MON/t.P.IH combination will

provide, the, _t'_t{,t' p_\load- _l t_,}o_, lh+. _urve the L02/Ltt 2 combination

will provide th+_ _roaler paSt(l_+l.

Studies simil_r to that abovt, indivated that for the present space ve-

hicle ba:ed on the \'ova 1t 0 boo_tor (0.2 1.It 2 could be used in all stages

for both lunar and klars missions+ !h_ ,-tor_hility of these propellants

is strongly dependent upon th. ia'ortml conduction, the size of-the re-

hicle in question, and the met'hod of s_orage (no loss vs propellant boil-

off). These require additional study before a complete evaluation can
;7

be made. The internal conduction in particular is a function of the de-

tailed desig, of the, vohic'. ,,.,1 is difficult t.o analyze in a general

Ilia I1 l1 P r ,

KNGINE PAIIAME!;ER 0P]'MI/_T;0X

i

It is general!y desirable to u'i l iTp +ha propulsion System that provides

the maximum payload _apabilit_ for n given gross weight. This payload

capability is strongly a funs!ion of +he engine operating parameters:

mixture ratio, thrust-to _.+'i,rht,,. , ratio , _!mmh++r pressure, and expansion

ratio. By proper _eIectioll of .hPs+ _ parame_ers_ maximum payload capa-

bility ca'n be provided, rhro_,2h (o.si,lera'ion of previous Rocks|dyne

studies parameters were solF,,,ed for lh.o preliminary propulsion systems

to be used in th_ various mission +_ldi_ •
. _" o L_..ak

Methods are also developed for lho rapid evaluation of these operating

parameters_ given certain hard_ar- _,)t'_)rn, a_ion. Using these methods,

optimum chamber pressure expa,_io_ ra'io and thrust.to-weight ratio

5 (1 R-3208



110 CK ETI)YI'_I E
A DIVISION O_ NORTH AMERICAN AVIATION. IN_

(an t)e determined ]'be e|['cet of various factors on tile opLlmum chamber

prossl_re Is }llustrat, ed in F.ig 5-5 for pump and pressure-fed systems_

Variar]on of +-50 percent in ce_'taln factors affect the optimum chamber

pr,,'SSlll(- _tS _]|own

Xi;INF PIJD()t{,_IXXClC I)Ut{ING IRA_\SI_I' OPERATION

l)ur_ng engine s_ar_up and cutoft, t,brust _s a funct,ion of l,_me This
_7

transient. O}rusl, buildup or decay contributes a certaxn amount of impulse

to the _ehlcle, Due to variations in engine components, *¢his impulse con-

_but_on _lll vary from Iun to run in a given engine. This variation in

tmpuls(" can Slg_lflcantly affect, the trajectory to be traveled by the

spa(t, vet)}_-l(, and musl be reduqed t,o a negligible effect through engine

system design and:or (orrecLed In a subsequent propulsion phase

B

For most propulsive maneuvers _he variations in engine start, can be taken

inco account by che guidan.ce system during normal engine operation, an(t

the necessary correction made. Impulse deviations at cutoff were estimated

fo_ seve,'al propulsion systems as a function of engine thrust. The devia-

tion tan be decreased either by lowering t,hrust or by reducing the main

valve closing t, ime_ there are_ uaturally, limits on bot.h of these methods.

ome estimates _ere made of the effect of this c_off impulse on the

loclty of the space x'et}_(lv ltese effects were considered for the lunar

land]ng xehicies, and the velocilv va.rlation was less allan +l fps,

--O5 - 10 R-)-()8
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0

iTN¢;IN) l)!l{()]'ll,l",,

>_I:('ONI)\}{Y l'l{()l'lrl.,_ 1 ()N ,<h >:lt._l CON,'< I l)llik.\l' IONS

-It, a(Idi I ion (o the t()pi('_ discussc(I ahoy.', (.h(,y(, are ._om(. s(,co)t(laFv a>'l)(,cLs

which were (.onsi(l(,r(,d. 'l'rapl)e(l propellant, propellant u tiliza(ion sy.,at(,m,

_))t'us \(.cI()l c_)))tro) /-(,qu_)',,m,,)_(s. _tn(] v_,hJ('l(, _t('('el('_-g_{ion Io_t(|s ;_] {
#

:)('l'ec )h(' p)'Ol)ulsio)_ _vst,m! d('si,_n.

A s)u(p: was m:,(l(, ()f ;h(' trt{I)l)t'd propellant in a LOg,, LJi2, pump-fed _(dtt_:ic.

lV<;l)I),',l pr()l>,'l]a)_I is !)a:tl lit¢,i)(,ilit_( _1_I_. iv I(?I'L unburned .due to a [)re-

:)_,_ul',. ,,_haus(i_,)) of ))_(, o_h_,l" prop,.lla_;. "]';_kin_ in(o :tcr'oun( off-

"i \lilt'('-- _)'41 _ il)' {il);]{ltl£_ .t)! I d"\ ill! IO[l !'l'O)i1 ('\i)('('t('_l { ilH"-it\('l'_t_rt , , tl_lllt'

,.'!:_',. iT',{i,:, op,'_':I'.l()_i. }i,. l';t[)!,('I _,_',)!,, }l_i:,. ,'ta ,,s_t:aa,_(,,i ,,t, ))<,

' _"< _),' ,'_'):_ )!' "_)_" _I_;t}!l,' ,'t'()_)('i!._):! !,,i-,',] ',;_ /\.l't]_'] })ia.-" l)rop(,il_)),_



F'or [)rolmlsior_ svst(,r_s _,hv(h s(,i)i)lx fa_tlv large velocity increments, Lhis

a,l_oun: of irai)p(_d i*rop(.lla_l _,,1 I s_,;nlf]can_lv'(tecCease the payload capa-

bility. In these svst(,ms a mlXr,_te ra_Jo control or propellant utiliza-

t iOll svslom _,ould [}e he_el I( _;3t

Ana:ysisof vhrust vector (tJ_(., rico torque requirements for sjaace vehicles

indlca_os that generally a glmbal at)gle of ] to 2 deg (together with an

auxiliary roll _ontyot s_s1(_ tt _, s,t_gle engine is used) should be employed

Although for some spat(: t)t,_,t, te(l-l'l_,_,bl maneuxera a small separate attitude

('on*rol svst.l_m would be adeqoale /[x_creb_ allowtng a nongimballed engine)

constderat_on of engine thrust re( tot "and veh_(le center of gravity mis-

al_gnmenl,s dietales tva_n englnv g_mbal_ng For a specific vehicle these

cequiremen_s should he analvz(.d _, m-t'e d(ta_l so tha_. vehicle dynamics

(an be (onszdered.

Study of _be acceleraLton loads ,o wt_,,h a space vehicle would be sub-

3ecLed _ndl(ates thai the _nhev,_n_ low _n_t_al thrust-to-weight systems

required would resul_ _n l,)_-tllgb, loads durtng space stage operations:

approximar.ely _ g axial and 0 5 g lateral. Mote severe rec[uirements are

d_ctar.ed by boost phase and grouted han(ti_ng tonsnderat_ons° Nominal

values for these eife, Ls are

Direct._on L2,_ad g Operation Phase

Axial _ Boost

Lateral _ tlandl_ng

R-3208



RO CK ETD¥I'%I E
A DIVISION OF NORTH AMERICAN AVIATIQN* IN_

]_I;NAt{ 13.Nl}lN(i AND ]_FYl'I.TI_N •

in the study of the lunar Jan{ling and return mission, a large variety of

propulsive matieuver combinations were considered. The various schemes

considered are described in Fig_ 5-h through, 3--7. From Lhis maneuver

spectrum two basic methods of accomplishing tile lunar mission evolved:

(1) direct lunar landing_ and (2) orbital landing using an intermediate

lun_tv orbit, Tiles,, two methods are illustrated in t_he figmres by the

shaded regions.

As in all or the space missions, the space vehicle was assumed to be in a

300-n mi Earth orbit. The space vehicle departs from the orbit with a

propulsion phase that has the thrust vector aligned with the velocity

vector. !his plm._e terminates when the vehicle has attained the energy

required to make the F_rth/moo:; transfer in *he desired time interval.

_4idcourse trajecto_ corrections are considered to be applied in two or

move increme4lts to reduce the landing error.

The vertical lunar landing me*hod uses a maneuver which places the vehicle

on the lunar aurface directly from the transfer trajectory. This is

accomplished by means of a fixed.-{hrust level interrupted burning maneuver

in which the velocity and thrust vet:ors are essentially vertical during

the firing No sut}stantial hovering or lateral translation provisions

were included.

The lunar landing from orbit was a]_o studied and. is considered to be the

most generally desirable type of }an(ling A 50-n mi orbit is first estab-

lished (the plane of which is determined by the veloc.i(y vector at the

beginning of the _ransfer phas_) usin_ a dlvust antipara]lel to {,he veloc-

ity maneuver. This circular orbit is conv{-rted to a 50-n mi/50,000-ft

el_"iptica_ ] orl}it with t.he periapsis slightiv, before the de_ired land]n-,, spot.

5-1 h tl-5208
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At the perlapsls tbrusl is dgo_n applied ant, lparallel to velocity to

bring 1be xeblcle to a lo_ all J,ud_. _ltb a small residual descent velocity.

IIoverlng and translational capabilities are provided for this mission.

File takeoff maneuver _as de_.ermln(d by the t, ype of landing. Vertical

_akeoff to moon/Earlh transfer Iraje, tory was used zn conjunction with

the vertical landing mane_Jver and a _akeoff to a 50 n mi prior to the

I ransfer was considered fo, tile o_b,T_al landing case.
/

M_dcou:_se (.orrect_ons were pro_;dt:d lot as _n the Earth/moon transfer

trajectory° Earth re-entry and landing maneuvers were assumed to be

accomplished aerodynamically.

The vertical descent tra]e_ _(,rv Js mest s,J_ed t,o systems having simple

guidance systems and t_xed-_,Lr_sl _ng_nes [he probability of safe re-

_urn appears._,o be lower ,,t_an _t,a,. of t.be orbttal trajectory, and the

landing point _s restr_(_ed, Capability of one restart will be required.

[he orbital landing *e, hnlque assores _ha_ t,be vehicle will not crash if

the engines fa_l to _gn_ _e _Daue,)ver makes use of (assumed) previous

lunar orb=tal expe_=en_e and permits _and,_,g at any point on the lunar

surface. _.

For _,he two maneuver _,omb_na_=.m n_c=l,od_ p,,_pulsion systems were studied

to evaluate engine thrust lew,- ,chicle s_ag_ng, and relative payload

capability, lbese s_ud_es _e,, b_÷_.d upcn a space vehicle weighlng

_ 000 lb _n_allv placed _ a 300 r_ mi orbit by a,Nova H-6 booster

vehicle. The ei'fe_ts oI _s,ng lour d_iferen_ propulsion" systems were

stud_ed. These svslems l_qu,d ox_go_,/l_qu_d hydrogen (.L02/LH2) and

mixed oxides of n_trogen%or_ome_,vlbvdraz_ne (HON/_IH) represent a broad

range of propulsion sys_=m _[,_,,_, le_ _s, _,s and should _nd]cate the effects

of propellant properties on _he spa,, _h_cle,

5 '¢_ R-3208
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[lie propulsion systems were used in a variety of maneuver/vehicle combina-

tions and were evaluated in torms of performance, complexity,, eL('. For

example', the Earth/moon iransfer maneuver is considered using the pre-

viouslv mentioned systems plus a typical solid propellant, system. A "

comparison of these _ehtcles shown in Fig. 3-8, clearly _.ndicates the

adwmtages of the LO2/Ltt 2. pump-fed svslem.

Q

From c.onsJderation of a large number of combinations, the vehicles rec-

ommended fo_ use in the two lunar missions were selected. These are

described xn rabies 3-2 and _3-.3 Pump-fed systems were selected
;7

over the pressure-fed systems as they provide a significant payload advan-
)

rage due to lighter engines and tanks. Propellant storage" studies indi-

cated that the LO2/Ltt 2 combination could be easily maintained for the lunar

missions contemplated° l_hrust levels seIected are near optimum for the

maneuVer-stage combioat, ion selected. Itowever, a wide variation in thrust

is possible without severe payload loss_ Cog. , the J-2 engine (200,000 lb
0

thrust) may be used as the first stage propulsion system in either vehicle

without affecting payload appreciably.

The two-stage vehicles were selected since it was felt tbat their simpli-

city was of more benefit than the slight payload increases achieved with

a greater number of stages. Other considerations, such as to the provis]on

for abort capability at all i:)mes during _he mission, could modify the stag-

lng selection

Staging on the lunar surface is preferable for the vertical descent tra-

jectory because it permits use of a previously fired propuIsion system for

the crlt, ical landing phase, and has the added advmltage of protecting the

takeoff propulsion system from impact damage upon touchdown° For the

3-20 t{-3208



o"

0
A 0

C. I Oox

..o

II

..E

_,.-4

E

e
_0

C_

¢_ ,-t-

O

r_

ID

_ m

0

N i i!ii!iiiiiiii

:'_'_i_iii!i_iiii_iii!iiiliiiiiiiil]_iiiii{iiii!iiiiiiiiii!iiii!!iiiiiiiiiiiii!iiiiiii{iiiiiii"

r_

?

0

i I
0 0

7_ ;-,

_, r-I
Z _ _Ox
0 I-, I"--- •
__. _ O_ 0

_ m ua l---

'4_.

E

@

>,

=

0

0
©

.o

|
i t..

5-21 R-3208



I_J:N:ll_

i .k!fl.l', 5-_'

IA\_I)[Nt_ .\KI) ILV,I-Ut_ VI,,31ICI,I'_ 1_ I>_fi

iNlliiNi])I.\ll; I.ITN:\IL OILtl]F

wl M(_on Karth l'rwlsfer, tlb

I'hro t, t 1 ,'abl o )

29,5(_o

!0 2 l,!l 2

(_: 1 _top

91, ()q()

7

b,,_2 ' LII 2

lh_m 1,

l

35P_, 000

12:i, il!llt

I

COIl t, illUOtlS

-,--2 }1-- h2b :':



IIOCKETDYr_ E
A DIVISION OI If NORTI-_ AMERICAI_ AVIATION. IN_

Payload Available

Stage Two

Propellanls

Feed System

Restarts

Gross Weight,

Thrusi, lb

Stage One

Propellants

Feed System

Restarts

Gross Welght:

Thrust, lb

[ABI_F 3 3

REC0>_[NDED S'tS[hN FOR DIRECT LUNAR

LANDING 5ND RE'IUtL_ MISSION

for EarLh Re-entry, lb

lb

lb

26,300

L02/LH 2

Pump

None

37,500

36,000

L02/LH 2

Pump

1

354,000

248,000

5 23 R-3208
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orbital landing, _t, is desirable to stage prior to tile descent, from orbit

maneuver _n order that the thrust requ]red for that maneuver does not un-

favorably ini'luence the tt,)rust level selection of previous maneuvers. Pre-

l iminary review' tends to indicate a redundant muItiengine propulsion sys-

tem should be used for increased landing reI_ablllty,

:\ broadband (approximately 5 deg) three axis, at, tttude control, propulsion

_sf_,m which functions during *he _,ntire transfer can be inrIutled at a

_,_,i_ht of l_,ss t,han 100 lb. l'hc midcourse correction and orbital conver-
;7

sion maneuvers can be performed by the main propulsion system using the

alt_ltude control engines for propellant settling

HAIk_ ORBI F ES_ABLISIINKNI

l'he recommendations and conclusions of the Mars orbit mission studies of

Phase 2 can be divided Into two categories: those conciusions relative

to the propuision/vehicIe system, and those pertaining to maneuvers. The

separation does not imply independence of the parameters within the broad

c a t egora es.

:\ variety of propulsive maneu_er comhinat, l_ns were considered for this

misslon_ Ihese are indicated In Fig, "3.,-.9 The maneuver combinations "

for accomplzshing tills m_ssion were selected after anaIysis and review.

Jhese are indicated by t_he shaded areas in the flgure_ Analyses of Earth-

Flars interplanetary trade('to_les, based on simulated elIipttcal planetary

orbtts_ indicate a minimum energy launch period occurs about once every

two )'ears, and results Ill EarH_-btars transfer t]mes of approximately 170

to 2_0 days dependent upon _,he year of launch.

3-.2_ I{-5208
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D_ring a minlmnm vn_,r_.v period ',!it, space vehicle departs from a_i oarth

...'l)i{ incli.ed t_) tl_,' vllu.{.v t,_ permii _ I)la_)ar propu|simt phase. ]'he

IIII'IISI V('('tOF iS a] it_rll_{l Wi {AI {llO vell,,,ity V{?c|or (hll'iI| 'r lilt' [)rolullsion

phit,_,_ '. l'llo ])rop£11_iOli I_11_8o tt'I'IlIll/at(?_ _'/t'tor till" \t.!li_t'lt, h_x._; ilt,|_ilt('d

_h(. _,ll_,I'_v t'e(lUir,,mel_ts of the p.rti('ular launch dai(,.

midcourse corveciions are applied in two incremvni.s, l'he first is

app} ie(t ;lft_,r ;l 2()-day d-lay from launch and /.lie s(,cond shorLly prior

to planetary intcrc(,l)l, lhe second _r t(,rminal correction for establish-

_tlg IIW i.ntry corridor (_,ntry corridor correctim_) provides tile desired

_l_ym[)l_)tJ( apl)r(,ach disiance ;tf ._lars. Bol.b corFl,oliollN mo(tifx Lhe tra-

,ie,:torv to maintain ;t co_:stant tra_sfer time.

\ _lars capture maneuver that enlplo_s the l)n.'-ostablish(_d asympt.otie approach

disianc(, is rocommonde,l. The retroU}ru._t propulsiorl maneuver bp_[ns at.

an altitude determined by _he hyperbolic approach velocity of the vehicle

.ith /'t, sl, ect. to the planet. _._m intermediate orbit is established to

ensure capture bv llle platmt.ary gravitational field. The intermediate

orhi t _ s c(,rre(, t,,d b 5. llot_:+'atln t\pe matt-:,/i_.t'l's tO l|lo l'i.tl;tl r'e(',.-+mraended

")()1) _}. ml t'i t't:xllilr orbi t,.

,o

t'r(,pulsi.n svstem'stu(lies _.'ere comi,i('I,,d f'_v !hi_ in_-_sion usin_ a 35' ,()()0-

t)) sp;l('i' vehicle placed in ;I. 3()0 II I/li l;;lI'!h ,)rhkt b,, a _va 11-() booster

ili(']," !lit' n;,iura! \,'loti ?y i_,,.,'c:m,n_ "q'._'par:_, ;ot_. ,,_.t szo_va,_,_, p('rit),ts

i: ,.¢_; ..',.i i t_{t;;t_, _}liit ;L S,'[_;l[';tic ;';_Z,' ' ' ' i_ 1 tv.',_ :_;t/of pI'o• . (., ' d'. "._ I t |_, -

: _!t_:_,:: ')}1;_-:,'_ (],lrt}_ a,:,l ?'!;,2":_ )_' .;:_'.,_t,\,'d. i}l_' ,_pac'_' _,'tli, 1,' _ dt, si_ned

};. , ,,:_;_i,' ,,: ]:lIl[!('!l _ll ,,_lx r _'a,' *_ir'ji;,r :1 _'..,' :::,)I, lia ilil,'l X,ii :.)i' [io.I'th

.. • , p
_ !,I { i.,_ I_l_',' .t/t/t':- ".,lI_, _: t,t',.'ti[" i*I ;t_l_',I'(,',i!:O.','_,, t_..,_--\_'/_l" ,/_'CI"_,_IN. Iht_



stages are filled with the propellant requirements of'the launch date.

['he flexibilily permit.s the basic vehicle to be applied to the optimum

launch periods of a number of years. The space vehicle is described in

Fig. 5-10.

The first stage for Earth orbit departure uses LO2/LII 2 as propellants.

The propulsion system operates at a constant-thrust level and is a pump-

fed system. The thrust level for the nominal vehicle has been selecr,,d

to' be 150,000-11) thrust. Based on the entire, grouping in Phase 1 of this

study, the propulsion system of this stage could be two 75,000-1b-thrust

engines, llowever, if preferred, the currently developed 200,O00-1b-

thrust (J-2) 02/tl 2 engine could be used with very lit, tle performance "

change. This performance change is demons_rate(I in Fig. 3-11, which

shows tt'le effect of the first stag(, thrust magnitude upon the stage payload-

to-gross weight ratio. The figure also shows the performance change for

a selected thrust magnitude when the initial gross weight of the space

vehicle is changed. This illustrates Ole application of the propulsion

system to other vehicles.

For the nominal 35_|,000-1b vehicle, a second-stage thrust level of 30,000

lb is recommended. Figure 5-t'2 presvnts th(, payload-to-gross weight

%a,. ratio for the second slant, aS a function of the thrust magnitude and the

initial gross w(,igh_. It shows the performance change of a propulsion

system operation _¢[tlt a chatlg(, in the ittilial _r'oss weight, and th(, per-

formane(, ('han_e for a _el_,t t_'d vehicle with a thrust magnitude ct!ange.

For this sta,z,,, td) 2 l.ll 2 propellants are f(,asH)le. It' (h(, iuitial _ross

wp_hI, oI' th,, _i,ac,: ".('hicle (t_., r,.a._,s si,xnii'i,:m_tiv, storable pr'opt, llants

dpp(.ay tnorp ad_';tt2taKcous, k_ lh,, initi;ll gross woi-(ht of i]l_' spac('

-: .,- }1-52()_
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Gross Weight: 354,OOO Ibs.

Payload- 34,480 Ibs.

Stage Two :*

Thrust: 30,000 Ibs.

Propellants : LO2/LI{ 2
Propellant Tanks :

Design Capacity

_2 : 13290 Ibs.: 66,450 Ibs.

Turbopump Fed

Loading Variations

13,290 - 8,330 Ibs.

66,450 - 41,650 Ibs.

Sta_e One:

Thrust: 150,0OO ibs.

Propellants : LO2/LH 2

Propel]an£ Tanks :

Design Capacity

LO2 : 39,250 Ibs.

LH 2 t 196,250 ibs.

Turbopump Fed

lmading Variations

35,130 - 39,250 Ibs.

175,650 -196,250 Ibs.

* Stage designed to establish intermediate orbit and

to restart, to change to final orbit.

t_ak.

Figure 3-10. Recommended "I%'o Stage Vehicle
for Mars ()r|)! t Hi ssion

5-$8 R-5208
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vehicle increases the (_yoget}l( pr,)peliants appear definitely more

favorable. ]be se(ond-stagc [)roI)tJls}on system is recommended as a cluster

of three 10 O00-1b-tbIusl englu,_s operatlrlg at a const,ant-thrust level,

One of the engines must be r*,start, able to change the Intermediate orbit

lnt, o tale. final orb]t lbe p_opulslon systems w]lI be pump-fed.

The midcourse corrections shoul_d be applied by an Independent system with

a capability of approximately 500 It//se, " total velocity increment. This

system x, lll be exterl_ai _o tt_ staled setond-s_,age engine system. The

mid-course correction system ma_" be an lnt_egral part of, or the totality

of the system required for attitude ,ontrol of t.he vehicle during the

transfer phase. Since at !,l rude ('otllrol system analyses were beyond the

scope of this st_udy no tec-_u_endaTlons (an be made as to the integration

or separation of the mld, ot_rse OroplJls,on svst, em with the attitude control

system.

EARTH 0RBIr RENDEZ_X)US

IP' qIP

In t,he study effort of Phase 2 tbe l:attb o rbtl rendezvous'was to be con-

s]dered Ina se(()ndarv manner (ompar,,d tt) _t)e att, ention given the lunar

and Mars missions. Ihis effort _as . ondu, ted placing considerable emphasis

on the material a_allable _n tbo ]_rera_ure.and the Phase 1 studies.

A large number of metbods ot a_{ompl_sb_ng rendezvous are available, From

consideration of the various ,omb_natiot}a and the accuracy of current

booster veh,cle systems _bo foli,_/r)g maneuver and staging were selected.

A convent.}onal boost, maneu_v_ _s a{[,)mpltsbed by the first and second

stages of the booster xeh_:lP. _llo_,ng the (:oast t.o apogee, t.he final

stage fires to establish an ot_ Upon approaching the desired orbit

R-3208
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(and target) the final stage is relgnited to accomplish the required plane

change whxle leaving a small r_sidual closing velocity between tile target-

toni vehicle. Multiple on-off operation of the final stage is used to

achieve rendezvous, with the attitude control system used to perform the

actual docking maneuver, rile final stage may be used in application of

trotbrus_ to initiate aerodynamic re-entry, if required• This sequence

,pears at.tractive on the basis of reliability, guidance requirements, and

payload cons lderaT_i ons.

A restartable:, fIxe(l-thrust level, pressure-fed, storable propellant sys-

tem having a tbrust-to-welght ratio in the order of 0.1 is recommended

on tbe bas_s of reliability, with consideration also given to payload

capability and guidance requirements. The payload sensitivity to various

propulsion systems is low due to the small velocity increhlent involved.

'l'he selected system is shown in Table 3--$ based on an H-6 booster and

a 3OO n mi orb]tal mission including a 5-deg plane change.

It is suggested that strong emphasis be placed on the operational aspects

of the rendezvous mission since these may be a major factor in determining

the mission characteristics.

_)

3-52 R-3-08
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O

] ABLE 5- q

I{LNDEZ%0US PROPULSION SSSTt!_t

Payload. lb

Propulsion System

Feed System

Propellants

PropellanT, Weight

Inert Weight, lb

Thrust: lb

Restarts

lb

92 800

Poslllve

MON/MMH

28 !jO0

3200

12 000

3

Expul s ion

-55 R-3208
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IN"I]U}DU('T ION AND {}E'ql:]_L DISCVSSIt)N

._ number of factors affect the design of the space vehicle through their

effects on tile vehicle propulsion systems. This section "considers space

propulsion systems and the effect of some of these factors on them. The

effects can in turn be related to the space mission and vehicle design.

One of the most significant of these factors is the space,, environment.

Fnvironmental constituents such as thermal radiation and meteoroids exert

a strong influence on propulsion system desi_l, particularly with respect

_o propelltult selection_

It is generally desirable to select the propulsion system that provides

the highest payload capability. The propulsion system operating param-

eters such as mixture ratio, chamber pressure, etc. have a significant

effect on the payload capability of a propulsion system. Proper selec-

tion of these parameters is an important feature of the space vehicle

design_

In space missions it is important that energy is applied to the vehicle

in fairly precise quantities. The precision of this energy application

s determined by the manner in which the propulsion system is cut off.

The precision of the engine cutoff and its relation to the trajectory are

important to tbe space vehicle design.

3-.3_ R-52{}8
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Certain propul¢ive mane_Jvers in _t)-_.(e _ill require throttling. The effects

of any inefficiencies resultlr_g fr_)m tbi= throttling must be considered

it] space vehicle design

All of these factors are considered in det_til in this section and their

effects on the propulsion svstom n,)ted. Considering these effects a pre-

l£minary description of _(_me p_,p,}l:/on _'stem types that might be used in

space was formul._ed The_e preliml.,.rv systems will be used in the study

of the space mi-'sio.us

In addition some factors which _tre _secondary in their effect on the propul-

sion system are discussed_ .although secondary in nature these effects

must be considered to provide .. g.,>a vehicle design.

-_5 R-5208
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()I'TIHUYl ROCKk_T ENG[Nt_ PAIL_HI_'[_S FOR VACUUM 0PFaZATION

In the design of propulsion'systems it is generally desirable to select

the engine operating parameters _hich will result in the highest amount

()f payload weight for a given system gross weight. Although secondary in

)ortancc from ma over'-all vehicle standpoint, four engine operating

•ameters significantly affect space vehicle performance: (l) mixture"

ratio. ('2) chamber pressure_ (3) expansion ratio, and (_) thrust-to-weight

ratio° It is the purpose of this study to discuss the selection of these

engine operating parame:$ers. The parameter selection briefly described

in the Phase-[ analysis is expanded. In addition, a method for prelim-

inary selection of some of these parameters was established. This is

described along with some of the factors which influence the values

selected for these parameters_ Final establishment of the engine/vehicle

system description and, in" particular, the evolution of a detailed compo-

nent weight description will allow a more definite optimization of these
e

engine operating parameters. The method described and the review of

previous Rocketdyne optimization studies provides good preliminary infor-

mation a_d allows discussion of the various influencing factors.

Optimum mixture ratio selection is accomplished through a consideration

of the kradeoff between specific impulse and propellant bulk density.

The optimum usually occurs somewhat higher than the maximum specific

)ulse mixture ratio because of the effect_ of bulk density on propel-

laalt tanks and feed system weight. The deviation of the optimum mixture

_'atio from the maximum specific impulse mixture ratio value is particularly

evident where one propellant has a low density and, where the tank and feed

system weights are high. This effect for the liquid oxygen/liquid hydrogen

5._5() R-52()_
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propellant combim_tion l.s illnstrated in 1"i,4.5-15. Various specit'i¢ t;ank

_'ei_._.ht_ are considered, t,,_" the l,.,_e.-I ,_peci|'ic weight va]ue, Lh(, opti-

mum ulix_ure rati. _as _.hS. ["or the highc_st value the optimum is

approx"ittlaLely b.O. Values Of (.)pl, itllqlll llllxLure r(ttio for Lhe propellant

combinations considered _'ere laken from previous ItockeLdyne sludies.

Chamber pressure opt±mizations consider the tradeolf between thrust chamber

weight, feed system weight and sp(_ctlL(: itapulse. For pressure-fed systems

the optimum chamber pres._ure is ;t tu/_(:tion-of prot)ellmlt bulk density.

For pump-fed systems bhe el'feet ol chamber pressure on t)¢tyload capability

is s£ight over a fairly Iarge range o_" chamber pressures. Chamber pres-

sores values were determined from a review of previous l{oeketd)_le _tudies.

Opt. imtmL expansion area ratios consider lhe tradeoff between nozzle weight

ttnd specific imtmlse, bor _(tCtltllII opera_ion the optimum expansion area

ratios are usmdly high. 'fhis i._ illustrated in Fig. 3-lb. Dimneter limi-

rations of a particular vehicle may result in the expansion ratios ael.u-

all)' used in a vehicle being considerably smailer tha_l optimum. VaIues

of expazlsion ratio were selected from consideration of previous studies.

Hlrust-tu-weight ratio optimization depends upon the tradeoff between

engine weight and ideal energy requirements. Tile ideal energy require-

merits are affected by the thrust-to-weight through variations of the

gravity losses occurring in the propulsive phase. MI illustration of

this is shown in Fig. 3-15. The engine weight increases rd_a_ive to the

remainder of the system as the thrust-to-weight is increased. Ideal

energy requirements decrease as thrust-to-weight increases due to the

decrease in hurnin_ time, ,'u_(t thus the gravity losses. 'rile results of

_-37 1_-52(1S
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the._e effects i_ shown irt l:i_ ) ;_.lwra pa.vload-to-gross weight ratio is

plotted as ;_ functiop, of tl)r,J-t-t_)-weight ratio, It can be seen that

although in tt_e r_mge of thru._t-t,-_eigb*s considered the variation of

payload-to-gro_ weighl r_.tio i-- -m-_! ._ f-_.irlv definite optimum occurs.

Opti_mum thru_t-*o-_eigbt r!,._io_ for the raiv.-ions considered were selected

from previous Rocketdy_e studies and a method described in subsequent

portions of this report

The operating p.,rmnet.er_ for fq,Jr tvpe_ of propulsion systems are con-

sidered. These systems provide _. large range of propulsion system proper-

ties and serve to indicate the effects of these properties on the mission
_7

and vehicles,,

Proi)e I lan t I ')o " ,) t 02/LH 2 HONIf_KI HON/MI_

Feed System P_mp Pre._ sure Pump Pressure

Cheunber Pressure, psia 500 (,0 500 150

Expansion Rat io 30 It 30 25 '

Hixture R_tio ", 0 5 5 2.tl 2.tl

These operating parameter_ are b_._ed ,m previous Rocketdyne studies but

should provide near optimum re_,J_- for tbe systems considered. A better

idea of the optimum.parame*er- c_./, *_ b,-d from a more definite descrip-

tion of the propnlsive requ;rr_,'-'_= ,.nd component weights_ using a

detailed system optimization
'_.

5. '_I R-3208
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l:stim_ttion of Ol)_imum Engine Parameters

To provide methods for quickly e_timating optimum engine operating param-

eter_ t,be foilowing at_alvses were couducted_ These methods allow estima-

tion of (1) optimum cxpansion-ratio, (2) thrust-to-weight ratio, and

(5) chamber pressure for vacuum operation.

In optimizing e_Jgine operating parameters, the usual method of parameter

selection is to vary tile parameter over a given range, plot the resulting

payload weight, and determine the maximum value from this piot. For

vacuum operation which is characteristic of space flight a somewhat more

explicit method can be used Assumption of vacuum operation eliminates

tile necessity of considering the effect of ambient pressure on rocket

engine performance,

For a single propulsion st_tge the payload-to-gross weight ratio can be

expressed in terms of energy requirements, engine performance, and vari-

ous structural factors. The latter two factors are functions of the

engine operating parameters In this study three parameters were con-

sidered: (12 expansion ratio { C ). (2) initial thrust-to-weight ratio

(_), and (3) chamber pressure (P). The parameter values giving maximum

payload are obtained by assuming structural factor relations, setting the

payload derivative equal to zero, and solving the resulting equation.

Analysis: The mass-ratio of a single-stage vehicle cm_ be expressed as

1
R

D 1

,/.Z + (AL_) + f
tp" ql

5,.. k2 R-520_
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41P

where

k =

f

= mas._ r_ttio

payload weight/gro_s _e._gbt of structure

specific weight of structure proportional to propellant weight

Ib structure/'Ib propell_tnt

,_pecific _eJght of _tructurp proportional to thrust _-- ib/

struc ture/Ib thrust
_7

initial thrust-to-earth weight ratio N ib thrust/ib gross

weight

Solving for the pa.vlo_,d-tq-grq-_ x,,eigh_ ratio

1 k I R-I_ - f 7? ' (1),a - R '-if-

The mass-ratio can al-o be expreeeed

AV/¢ xc

R = e F (2)

where.

/XV = ideal veloci*v req::irvwent of mission -- fps

x
c = characterJ**ic vel_c,,v _ fps

CF = thrust coeffici+._t

_ R-3208
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f

Optimum Exl)ansion Ilatio

For the optimum expansion ratio determination the following assumptions

were made

1, c _, k, )_ , V = constemt

2. f, CF, = functions of E

3, tA to be maximum

_, conical nozzle :'

For tile conical nozzle a relation between the engine specific weight fac-

tor (f) and expansion ratio was developed. Derivatives of this relation as

well as Eq. 1 and '2 were taken with respect to E These derivative

equations were solved letting O_/_E = 0 (Appendix A)

where

pt "nozzle weight factor _ Ib/sq in."

= nozzle half-angle

0 CF
to _ are very involved and are best determined

The relation of CF and aC

numerically. This was done for a combustion product specific heat ratio

of 1.23 (typical of liquid oxygen/liquid hydrogen and liquid oxygen/RP

propellants)_

3-4Q 1-5208
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I

Assuming a nozzle half angle (5) of 15 deg and the specific ileal ratio

of 1.23, the optimum (E) was determined as a function of the mission
Av

ener_,_' roquirements fact, or (---_.) and engine parameter factor _ .
C

This "is plotted in l"ig.5-10,5-_7, mld 5-kNfor various nozzle weight factors

(pt).

Initial Thrust-to-Earth lieight Ratio

(:onsider Eq. (1 _u,d(2) and the fbllowing:

°

2.

3.

k, f, cX' (;F- constants

_V = function of

Haximize /A

'I',_ke derivatives of Eq. [_) and(2) with respect to 77 ,rod let

/XV

X,

c CF

f

1 + k

,J

O/-z
- O.

l,et eX (Jl,' := gl where

I _ specific impulse _ sec

,r : 32. ")_ ft.'see-
.,o.

'&ok.

ll-5'.'h8
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For a given propulsive maneuver, AV tul(l _ [AV_/_ / coal be determined as
/ -

funclions of ?_ . For fix'e mmmevers tttttl might be used in a lunar n_ission,

tim optimum initial thrust-to-earth _veiKht rat, io was calculated as a func-

tion of the weiaht factor (_) for an I of h')0 sec. This is plotted in

Fig. 3-19.- r[he missions considered _ere: :'

1. '2.6 day earth-moon transJ'er from 300 n mi earth orbit

2. 50 n mi lunar orbit establistHnent from 2.0 day transfer

3. Direct lunar landing from 2.6 day t_mlsfer; ttwust.parallel to

velocity

li. Lunar landing from 50 n mi lunar orbit; 1Ct ) trajectory

5. Direct lunar takeoff for '2.0 day moon-earth i.razlsfer

Optimum Chmnber Pressure

Considering again Eq.(1) and('_'), the ['OllOWiIlg assumptions'were made

t_.

l. ?7 , _kV, (JF' eonstmlt

X
'2. c , f, k = functions of P

3. /_ Lo be maximtan

ltelations were. developed for the Ltu'ee factors _,hich are functions of

chmnber pressure (1').

5-h () 1t-5'208



It_II:']IIC -" IN.,I,: il -..T N[']I 'I!1_-",_'_lT _

toil



ROCK E T DYl"_I E
A r_lV_SiO_ OF _O_'_'4J _MER_CAN AVIATION. |N_

X

7
k - pB PT

¢
f r= -ff PD + _--

where

/_ , O: = charo.cteri.t.i¢ vel,_ci*v coo_ta.nts

"Y = structure con_az_,
lb structure

c'J ft propellant - psi pressure

PT = ta_n_kpressure -- p_i

PD = pump discharg_ pr._-tlre- p_i

pB = propellaD* h. lk de,,_*v .-- lb//cu ft

lb

= turbopump specific weight constant -- lb-ps_

q5 _/; = thrust chamber specific weight constants

Derivatives wete t_ken and the eq,l<,_nn_ were solved to give maximum flz

(Appendix B). The following eqv_ti,_,_ re_ulted.

Pump-Fed Systems_

j Po ,--, l_

_ A___L

g!o •
e

2

J
(_ V

zl R-3208
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"ihe thrust ch_mlber weight constant g5 is a factor related to the tube

bundle wet weight and does not include the effects of bands, injector,

mauli folds, etc.

Pressure-Fed S_s terns

- AV _2

e gI° - 1

+

r-

I -L c:

gI o
e - 1

r)

+

_q_ 7 _PT

*

1 - e

In the derivat on and subsequent plotting of the equations two simplify-

ing assumptions were made. One, the variation in c _ (and thesefore I)

with chamber pressure can be neglecte_ in the equations for Popt" Two,

the value of _/c x depends upon the propellant combination being con-

sidered. To facilitate the plotting of the two equations and allow the

l'fects of other parameters to be observed, a value of 0.00425 was

assumed for _/'2c x. This represents a more or less average value for a

number of different propellant combinations. The optimum chamber pres-

sure for pump-fed and pressure-fed systems are presented in Fig. 3-20 and

3-21 respectively.
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Fngine Operating t)armneter Tr._de_)ff

To provide at} indicatiou of the i_f!,Jeqee of various factors on the value

of these optimum p_rameter_ a brief look was taken at the parameter tr_de-

offs for a t_;pical propu .l¢_ion -v_tom. ]'he values for the nominal points

u,ed in the different lr_deoff, _.re listed below.

Thrust-to-Weigbt Ratio.

1. Earth/Noon transfer

2. Specific engine weigh)

3. Specific tq.,,.k _eigh*

f : 0.015 lb//lb

= 00_ Ih/lb

Exgansion Area Hatio.

1. Nozzle specific weigh, p, = 0.1 lb/sq in.

2. Thrust-to-_eigbt rati,_ _ : 0 5

3. Chamber pressure P = 150 p_i

_. Specific tank weigh' k = 0.05 lb/lb

5. Ideal veloci)v incremen* ,_._ = 10 000 fps

6. Characteristic velocj.v c = 5 000 fps

55 R-3208
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('hamber Pressure

PD _ t'T_

OP _ P

'2.

3

5

()

I

8

Thrust-to-weight ratio, 97 = 0.5

Pump weight factor, y = 0.00001 lb/lb-psi

Thrust chamber weight factor qb = 1 52
' " lb

ldeal velocity increment, AV = lO,O00 fps

;7

Specific impulse, 1 = 512 sec
s

lb
Tal_k weight factor _ = 0.015 p---__ft 3

Bulk density, fB = 50 lb/cu ft

Using the figures and methods developed in the previous section, the sig-

nificant factors involved in establishing the value of an engine operat-

ing parameter are varied ±50 percent and the effect on the parameter is

as indicated in Fig°3-i_.through 3-25.

The variation in the value of optimum thrust-to-weight ratio is shown in

Fig.3-'_)for a particular space mission. It can be seen that the tank

specific weight (k) has negligible'effect on the optimum. The engine,

)ecific weight (f) has a somewhat greater effect. As expected an
lcrease in engine specific weight would cause the optimum to occur at a

lower value of thrust-to-weight ratio. The greatest factor in causing

chmlges in optimum thrust-to-weight ratio is the mission for which the

parameter is being optimized.

'd.ak.

5 -50 R- 390 8
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The optimum expansion ratio variation is sh_l in 1:ig.5-25. Specific taz_k

weight (k) has negligible effect on the pptimmn value. The other factors:

thrust-to-weight (7]), chamber pressure (t'), and specific ,lozzle weight

(/Or) affect the optimum expansion ratio t_hrough variation in thrust cham-

ber weight. As tile factor acts to increase thrust chamber weight the •

optimum exp_msion ratio value is decreased and visa versa.

5 "t _uld 54-5 for pressure-Optimum chamber pressure variation is shown in Fig.--

fed _uld pump-fed systems respect_ively. The effect of the various factors

on the optimum value is similar for the two systems with an increase in

factors increasing thrust ch_mber weight tending toward higher optimum

chamber pressures, and increases i_ factors increasing feed system weight
_7

tending toward lower optimum values. It is interesting to note the effect

of thrust-to-weight ratio which acts in an opposite manner for the two

systems. In the pressure-fed system an increase Ln thrust-to-weight ratio

causes tJle chamber weight to increase relative to the feed system, rI'he

opt.imum value of chamber pressure increases to compensate for this in_

creased thrust chamber weight. In the pump-fed system the thrust-to-

weight ratio affects the chamber pressure in an opposite manner. An

increase in thrust-t,o-weight ratio causes increases in both thrust cham-

ber and feed system weights. For this particular case the feed system

weight variation is more significalttly affected by thrust-to-weight ratio

than the thrust, chamber weight variation. The optimum chamber pressure

shifts to compensate for this rela[,ive weight increase.

p" qlD
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01q' L_tiM I:_"(1)ANS[ 0N RAT I 0

t'or the optimum expsmsion ratio deteI_nanation the following assumptions

:re made

1. c _, k, 7_ , V = const_mt,

2. f, C F = functions of

5- /_ Lo be maximum

Substitute Eq.(1) in Eq.(2), take derivatives with respect to _ , and

set O/_/a_ equal to zero,

_v
X

c CF [-_l"
c CF

For a conical nozzle the weight factor f can be expressed as

f = constant +
PtA

( c - c o)F sin O_

pt :: nozzle weight factor, lb/s q in.

A = throat area, sq in.

C_ = nozzle hall'-mille

5-00 I_-5')()8
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F = thru_ Ih _ t>._(
[-

6_. = initial expa.t_i,),, r_ * o
0

.f

_riting :\/:F as l:PC F and t,kl_'g ,leri,.,tive_ with respect to fC

.gf _,

0 E P('F si_ Q

f Oct- 1

o \c F oc-J

is fairly small with re_peet ,4 1 x.,d w_._ considered negligible. Therefore

Of /_t,

_¢ - PC F sin t)

Substituting this in Fqo _.

,r _/kv t

Lcx ]

- T7t

e 1 1_-7_-gT] =. psio_

3 *,' R-3208
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APPENDIX B

0PTD, ILN CHANBER PRESSURE

Considering Eq.(l) and(2) the following assumptions were made

_, z_V, CF = constant

Xc --a {,_ e+/5 ;
C_c x _"

_P P

k_ P,r Ok (OP,_1

Of (0PD_ ¢
f = v PD + -_+)9 ; 0p - v_--_) p2

where

f_ , _ = characteristic velocity constants

= structure constaat
lh structure

cu ft propellant - psi pressure "

PT = tank pressure _ psi

PD = pump discharge pressure N psi

PB = propellant bulk density _ lb/"cu ft

y = specific weight constant of turbopump
lb pump

lb-_ropellant-psi

pressure

_,_ = thrust chamber specific weight constants

R-32083-.6'.2'
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Take derivatives of Eq_ _t,f} j._i,! respect to P, and set
a/z

-- O.

OF

ak . r7 Cfc3P OP

OP

1 + k

R

AV

cx(

Av -I F ['3cx'_

2 t e !,_W
cX ('F

= 0

Since k (< 1 we can write, combining the equations

/X,V

k C3 f ex('F - t'_ _ I_)L
=0

Substituting the assumed relate,m,

AV

cXCF

e

0 D/ _

P ] p2
/

• opt

x_ )
vc ('F

_ t-,'5 R-3208
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' O

Assuming that variations in c _ can be neglected in this equation and

rearranging

AV

x C
eoF

+_

(

Ie
V

X _

Co( F A V c_

X
C

O

--t Popt

Equations for the pump-fed system are as follows:

= 0

p2
opt

PT

5P

p2
opt

- 0

¢ Av

c:C F
e

(_ D I

_ PD\/
P

opt
= e

-Av 1
Lcxc ,j
Av

X

CoC F

AV

x
Co CF -

cXo CF

iAvl
CoCF_

I

2c x j
O

2c x
O

O

+77-¢,

3---Oh It- 320_,
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!

Equations for the pressure-fed -\'-tvm _.r_ as follows:

PD
- 0

OP

x

1lcxc
L oFJ

%

I
> l - e

opl '
I

j _

x CFc O

c,-_, !\PB) Popt

J

= 0
i

cX ('T
p _ o

op! = F _"
x

i _-,

Le

i

- lj

e z3V -I
C X ("

o "'F - 1_ •

I

q_s

,,- yr. ]c o
] - e
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' _ ( I - -,_t'A('t_ [_\ Ill )NMEN3 EFI,I_(rs ON PROPULSION SYSTVNS

J

P

_mmna i"_

The ._ignifieant environmental tHohiems to be encountered in space are

hose of met.edroili l)ene|.rat, i on. heat exchange (thermal radiation), hard

mun, par|zcu[_te rvdiation, and zero lZravity. In spite of tile atten-

tio_t the_.c comlit, ions ha,,_, had iJ_ the literature, most of the work is

t,heoreticaL and gt, nt, ra|. l'h,, su('ce_,ding sections review the environmental

condit, ions and their effe(:t_ on the propulsion system. Those conditions

that are most significant, in their effects on the propulsion system are

_unmiarized along with a brief discussion of design procedures of pro-

lmlsion system prot_,c't_on.

l'hcrmal radia0ion, meteoroids, and z_:ro gravity are the most significant

(,t_virotgue[tt,al conditions as far as the propulsion system is concerned.

l'he remaining environmental conditions, radiation and hard vacuum, affect

the propulsion system Largely from a materials standpoint. Through proper
O

materiai selection these problems can be eliminated.

Studies of the thermal radiation probiem indi.cate the significant effect

of this enviroIlment on the propulsion system particulariy in the matter

of propellant select, i,n . l'ig,_res 5-32 through 3-3_ indicate that for long

storage times the insulation necessary to stove liquid hydrogen may make

propellant combinations more attractive.

Applying the general results of these studies to the missions and vehicles

presently being considered, two important effects can be [?bs_ved. One,

storage duration for all of tile present missions is less than a year.

Two, the mai_ propu[sioll system propellant weights in the present vehicles

are t'airly large. Both of these effects Lend to relieve the l)roblems of

storage. Considet'iug Fig. 3- 3h it, is, t,herefore, unlikely

5-()0 R-520b
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that. propellant storag_ , ons'd.ra* _:(_s wll_ s.,.gnif]cant_ly alter the

relatzve performan:e of T,ba .o_ ._s pr_-'pellant, combinations, and that

the high-energy propellant, s _;II p,;t:'de max,mum payloads. A positive

decls._ion on tbes_ etf_..ts wo_)id ne -._s row.,_ a fa]rk_v detailed study of

1;he partlcuiar mission and _,-b, is. _,.,_,du,_tton heat transfer between the

various portions of the vehicle should be considered. For vehicles

smaller than t,bose oresen_lv und.r s_t, dy the storage problem may become

s__gn:tfJ, an_, part ,:.lariv t:, .,_ __e,,_r,d phase of T,he Mars mission.

For the lunar mission storage t_mes of t ire t,o eiyht days may be re-

quired. Figure 5-34 indicates that a very slight _ount of insulation

would be necessayy for "no [o,s" s,or_e. T.o be conservative, an in-

sular,ion t bl,_kness c.f 5/q iu. ._ o÷._,_med Io_,_ ..ryogenJc propellants.

For the Ltnde SI.4 t.b,, ,_esu},,÷ r, a st, e, ,f_.: weigh_ of about 0._ lb/sq ft

of surface. Insu!a_,.on reqt, ._m_t,_, _ot "Earl-,h" storable propellants were

assumed negl lgible:

Mars m_sstons (one-way) may requ _e s_J_.age times on the order of 200

days. Using 3 _n. of .ns.._ka,..,-,r.., a.,,d _!'t_,,.ng an _.ncrease in tank pres-

sure, the hydrogen can be ma_n'.aiz,_O _,t,h kess _han lO-percent loss for

this duration. Proper att.;._;ud_ .¢,_tI.oi. and larger pressure and ullage

allowances would permit, storage _r, _,eg:.'gible or no losses. An insula-

tion thi.ckness of _ :,.n. _as ,,onsec_e_ _-_y e.ssumed for hydrogen (1'_0

lb/sq ft). Somewhat l_ss :._ls_ta,...tm ,_ot..t,i be necessary for cryogenics

such as oxygen or fluorine. _r.s,_,_t,,_r, :..-_qu_r_,ments for storables were

considered negligible.

Studies of t,he me_,eoro.d probi_m b_,;_ .r,d. a*_ed _:hat for the smaller,

most, fre_pen_ size of me_eor_.d ,_e _b,D_].v meteor bumper is a very

promising prot_, t_:oz_, svst.em. _'_ _a[, *soI oncount, er.tng larger

.6T R-5208
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m(.teoro,d s_zes _ncreas( ,_:_', v(,t,],,le s_ze and tr_p time. Therefore,

,,L'e amotmt of prol,(-ctlon wlil prohabiv _n,_ease also. For the very

]ar'ge meteors dlre_t |)rote, t,on _s imposslble_ and some evasive or pre-

dl( lion system may be nl_cvssar_. Based upon the studies made to date,

a m_,teor bumper of 0.()32-1n. alums.hum was assumed for the w,h. lcles con-

'd,,red_ [1 was f, lt that t,}ils sLi_ld along with the insulation pre-

vlo,osty menllon_-d, wo,Jld be adeq,_a,e_

Ibm, z( ro aravitv prt, hlem is ,,)mm_;n t.o ai_l systems, and is primarily a-

d_sign prohlem. Pzevldlng propellant, foc engine start in zero gravity

may b,, a(compltshed through a number of design melhods t.hat are dis-

(uss(,d in the lat,er por*,on t,! tb_s section.

A F_-v,_.w of val"io,ls .a.sp(:.ts o[ th,:s(= space environment problems follows.

lhermal Radial;ton

Veht(l(:s ,n space are undexgolng a con(,i.nuous heat exchange between the

propulsion system and ts _xternaieetJvlronment: and between the various

portions of the pr-opbis;on system, Ftgure Z.-2b ilodl(ates the heat flow

paths of a tvp;(ai p_opqi_s,nn sy'_n, lu ,.h:s f_gure ._t can be seen that

_nternal hea_ exchange through c. ondu,.;tion and internal radiabton occurs,

s well as ,'xler_)ai beat, excbange betw(en the svst.em and its environment°

(iondo_:tton and [rl_,ernal ttad_a,':,t,. The ;.onl,rol of condu(t._on and tnter-

lltl]- ra(]lat )on _s ta_rlv _ ta_-,J,_ forx, ard. l'h_s kilteltlal heat, transfer ].s

la_g(,l_ a lun(t_on of lhe dt=s__gn (_.f _he propellant tanks and their connect-

1/1K sltll(.ture_ As _llustrai:d b_ [.he f_gure,' (onduct_on _'tll occur through

"5..68 t{-5208
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Heat Flow Paths of Typical
Propulsion System
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the, f(,ed line_ and supportin_ sLructllre. _['h(, ini,,rnal radiat, lon occurs

betwet,n the various compot[ents, the payload, and the prop_,llani fmJks;

it can be controlled by the select, ion of surface materials with proi:er

emissivities and the insulation of t_he emit. tit_g surfaces.

Although seemingly insignificant, when vie_,'ed in terms of the ]owg st, orage

lines required of the profmlsxon system on ext(,mh:(t space missions, the.

conduct, ion heat trmlsfer between the propellant tanks may b(: the critical

factor in limiting Lhe storabilit,y of certain propellants. 'lhe inhererlt

(emp(:raLure differcnc_,s bet.we,:tl certain l)roi)(,llm)ts (t:ryot_eni('._) and (,he

rest. of the propulsion sys.(em calt for a high degree of thermal insulation.

This requiremenfi for good tnsulafiion is the antithesis of the re(luirement

for good structural support. 't'he eomplioattons of designing a strong,

structural member that allows low heat, conduclion call for large amounts
!

of design ingeniuty, l he effecLs oI" th(_ couduction on the st, orabiliiy of

cryogenics are illustrated in a later ser;_ion.

!)_ F i_. - :'" ;mti 5-",_.
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F:[gure 327 sho_s ".be _tie.,_ cJ 1he ,a, _ of projected (Ap) to surface

(A) area (a f_n¢_on of a.,.T,t,Jd_ _, ,t, ,_:spect to the radiation source)
S

and the absorpl,vJtv to em.L._._,_v ._,,." on the equilibrium temperature

of a propellant tank _n spa,,. Ib,._ lemperaTure corresponds to the situa-

tion where the bea,. leaving and _t, Ter,.g 1be system are equal. The

lJquldus region of various propel[ant (omb_nat_ons are superimposed on

f.he curves. The shaded rpg,on ,t 'h_ f,g,_ve indicates the region in

which the propellants ,an b_ ,_os.lv _-t(,,ed. ['_ ca_ be seen that the

hydrazlne and oxvget_ ar_ .etd, _J_ ,-a_ ,.o store compared to the hydrogen.

The storage of hydrogen cannot, b_ a,:(ompl__shed on an equilibrium basis,

i.e.. wl.th zero nel, heal. tl,_., ltJ_,)i_f ,on must. be a_plied to the out-

side of the t.ank re, _ g_.).a'_ "t,_ [,_a" .',vx and maintain the hydrogen

temperature w:,.b_n _.h_ dv_ red t*a .. *,,_r ,he '._me of storage.

Figure 3-2_ ,nd_ ares _ne _.suiar or, .,.eq_ _ementa in terms of the

number of radiation shields as a f,m_ , .,._n of storage time and tank

size. This figure assumes 5 per,_n', o_ ,,_:e hydrogen ia evaporated

during s_,orage, l*. ran be _e_t, ,r,_, ,t. number of shields i.ncreaae as

storage time ,n t_a._,._ _.d d.- ,_a_- _._ '.r,e a,z_ of the tank (amount

of propeklan_) _n_ rea_s.

Effects on P-opu,_ ,)n Sy._,;em_ A d ._.,)_.- ,,n of t,he effects of heat

exchange ,n spa,._ _n tt_ _./.,_._l_ ,,t, .-v._t.em _ found _n a Rocketdyne

study (Poef. 3 ). Su eg_i,_l -u.,.' _n _f ,vp,(al l_quid propellant

propulsion systems requ,t_8 '_) ,ha,. ,|,+ ;,_.*peklants {.other than hydro-

gen x,bl(h Is arrays at, a _ ',,al ,_mw,a,u._ as il, emerges from a

thrust chamber regene-Ta')v_ly 't,'_l t_g jacket be l,qu_d in the combus-

tion chamber inje(to_ passage._ '_1 *n_,. _bo propellant vapor pressures

be low enough _n ,utbr_p_mp-fed ._x._'._s ,_. _io_ provision of adequate

"_ R-3208
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NP$I1 without ,,x.(eedll_K tank pressure, (i_slgn_ and (3) that the fuel be

at, low eno,3gh lemperat,res ,,._ ad_quat(lv cool the tb_mst chamber° With

_,h]s In mind Ref, "5 ass]gus tt}e foilow]ng t, empet;ature limits to the

propellants _z, tbc sys,ems tt,_,, _ore _ot_sl(tered:

1_ "Fhe lower temperalure limit in all cases is .the freezing

_t

po, n *.

2. "ll,e t2ppex ,empera).ore for hvdrazlne is 100 F to allow ade-

qtiatc_ chamber crtollng."

3_ "In _he _urbopump-fed systems the upper t,emperature limit

fox eact} propel)ant ex_t',pt hvdrazine is lbat which corres-

[x)nds tea vapor pressu.e 20 psi below tank design pressure."

h "[z, 11)( p,:essure-ied svstem._ the upper Lemperat.ure limit for

each p;opel].an' exc_tt h_d_azin_: is that wbleh corresponds

ro a vapor pressuro 5 ps, lt:ss It,an tAJe cbamber pressure. The

5 psi is a margil_ ot satelv prevent, lng vaporization in the

T*

Ill j(:C, I (I r

'_L_..

['bese tempera,.ure l_m_ts aFplv to tvp.,.ai plopuls_on syst, ems as des¢.ribed

in t.h(, refezt,llted _ep,:_rl_ It, a l.z)al sV.,,'m deslgl), a detailed study

would be ne, essarv L. (-s_,ab,_sb l])es_ tempe_atu,o limitS. If Lbe propel-

lant tanks are d,,s,gntd to a ,,tnm,_dato the t,ropellant volume increase

iae(ompany;ng ,.s,-s _t_ _t'tt4)era_ute the alcove (rtter_a would require no

loss of ptopellar_l s:z),.t, th_ xap_ r p_sst),e neve_ _eac_es the tank

design pressure

3 7t_ R-520S
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V('hich' l'(,rfo_an(_e Effects. From consideration of a number of studies

of propellant .storage (Ref. 1 through O) it appears feasible to store any

of tlw present l_rOl,'llants in any [)f the contomplaled thermal radiation

enxirmunents. This slorage is accomplished through alqflication of con-

dui'tive and radiative insulati.n. Bolh ('ryo_enic (112, (,t('.) and "Earth

SIorat)le" (N2]llt, etc.) t)rol)ollants can be stored for (,xt(,nded periods of

in th,, al ,,r tb,, (ttef. 2), the m,,,n (  tef.

and Mars (II, ef. 5).. The cmtx of the l)rol_l/ant storage t)roblem is not so

much wheih(,r a proI)ellant ('an be maintained, but th(: cost of maintenance

in terms of iW3ulation weight.

From a study of liquid hydrogen storage (Ref. b) lig. 5-29 and 5-51) we're

obtained. These figures are for a specific tank design and assume that

through l)roper attitude control and outer surface coatings, a mean outer

skin temperature of 560 R can be attained. Linde S_-_ insulation is then

placed between the outer and inner skins to vary the heat inDlt, to the

propellant,

Figure 5-29 considers the evaporation rate of liquid hydrogen at its

nol_ml boiling point as a function of tank capacity and insulation thick-

heSS. Figure 5-'_O considers "_(,ro loss" hydrogen storage where the

internal pressure is allowed to rise as the heat t'lows into lhe li(luid.

The curve on the, righ_-hlm(l side of the fixture presents the limiting

case of infinite insulation or zexo heat, input frnm outer tank surfa('es.

rl'h(' heat flow into the i)rowlliml is _,ntir(,ly from condu(tion thr[,ugh

piping aiid support stru_'i_uv_'. As tltlIk capacity is increased, tilt's('

[o,_s_,s I)(,c_)m_, lt, ss si,,mifi(ani al_d I,tlt' "1_10 lliSS _' StOI'iigO tim(,s can be

il)('Ieasod .
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{!{msid{,]'iu_ the variou_ hvat t'l{}ws, I;{}tlL i_t,p_aI m_d{,x_vrlml, ami "the

insular, ion no('{,ssarv to control tlwm, a Rocketdy_e s lud_ (II_,f. 5 )

inv{,sti_atcs th{, effec! of storage l itr_(, {m Th(, il_sulalioH w(,i_llt and pay-

load cal}ability of a typical ItroI}ulsi{}El s\-st{,m bas{.{I on LII{' t}r{'vi(}usly

m{,ntioncd l)rOl)ellant Lt,ml)eraLure limit, t'ig_rt, 5-51 [lltlicat{_s {his

,,l'fcct. This t'i_ur(, shows i,]mL for lon_ ,_oPa_,, I im,.s Lit,, instllaIion

)required I}y the cryogenic (high {mergy)i)r(}l)ellants t{m{Is to d{,{'rcas{'

l.h{, payload a(tx;illta_{., t']v(,nlually} afl{'r a v{'r) Io1,,_, slora_,, l}{.riod,

l'2arih-sl.orablc I)rot}ollants I)rovide mort, t}a) load tha}_ _l_P ('ryo_cnics.

I i. should he emphasized that Chest I'{)SIlllS ar(, for a I)arli(:ular case.

V{,hicl{, size, incident ra(lia|ion intensit,.v, insulatiort {l{,si_n and in-

ternal collduction have a substantial eft'('ci on /his payload comltarisoll.

In a similar fashion the propellant combinations of L0 2,LII 2 (cryogenic,

high cncr_y) and HON/_III (storable) w{,r{, studied, parametricalI._, (o

det, ermine the storage requirements that. ark sufficiently strenuous to

rP. ult in the storable propellant combination providin_ a greater t)ay-

load than the corresponding system using cryogenic propellants. This

comparison wax based upon the pump-fed propulsion sysLems described below:

Pro tie 1 l an
Se lec tion

I-0 2 l,tt 2

H0N ._51tI

Thin]st to Chamber

Pre s sure,

psia

Area

Ra i i o

5O

25

Pro pe I i an t
Tank

ere S S 11 r e

I}S i a

5O

25O

Bu 1k

l)('nsi_,
1t} l't )

2O. 1

_ I s
f i,°sec

15,800

i0,5oo

W" 41_
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The (tet(,rmination of the insulation r('quirem(m(s as a funcii.on of storage

tim(. are deserit)e(I in Ill(, t'ollowin_ paragraphs.

The heat input {o the 1.tl 2 was assumed (o affect 1he entir(, prol)ellant mass.

Propellanl tank designs _'ere based up-u inm_lat ion r,'q_irvments fur H12

_hich were then assumed (o hold for LOp. lhe i.nsulalion used for [he

cryogeni c t)rol)ellan L lliitks was t, imle 5I-'_ , ¶mvinK a Ihe_nal conduct iv i. ty

(k) of 9 x 10 -3 Btu hr ft l{, and a d(,usilv of *_.7 11) t'i -5
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O

lank pre ssor(- ps_a

[(-mperalure deg R

_apor pressure psz._

Densl t,v lb/'cu t t

kntbalpy. Blu, lb [_

II) i I !_Jl I 'll_(J [ lOllS

IP_. 7

x6_ 7

tj. q2

l lh

Final Conditions

30

29.5

.26

131

[he e. tl, alpv ,I)ata;. ,,I '5.. [},,1 lb _,a÷ ,I,_t} vquated t.o the heat. input per

Dill I O| I lm_- Olle(_t n_ tht. D,(iD. l_l;_tJt IolJk_.

W b e t _:

Q
Ar_

14
P

0

Q _ P (1)
0

: Enrha} pv, hang, _'.,J,' kb

= Propel 1ant _ igbl tb

Equation 1 _b,..b _s tt, e f, T'a. h-at _,I|,_x _n_o t.be propellant tank is a

result ot radiation _,_, _he ,,c,,, ._ ,, ÷.,,ta, r and beat cond'uction between

tbe LH9 and 1.0 2 p,opel lan( ,.nk:. li,, * .o_l be expressed by; th'4_tmpli-

fied express _,,D

where

k

A

At, F,'
(4 ..... f,_ k a _' -:- Q, (a)

: 'insula' _()D " oIld I '_ ! IV

:- ,_,,rfa'_ ar,o sq f'

2 x tO "5 BLu/hr sq ft R

: " R-3208
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1() (,stltnate ItJ('.tt+ttl[)t+r_l+++t,, than_t, (AI) betwt+(_+n lht+ outer sktn surface

<tilt| ltlller tank snrfa(e a mean skt,) lemperature to 300 II was assumed to be

a,.h)+t",abl( ' throti_h ptoI)er at,ttudc ,ontroi and surface cond'ltions+ ]'he

?
i)('at (el)tit_)( t IC)ll )dles wert, as._,.tied to h(, () I0. atttl I00 Btu'hr.

om t.hts (quat io. (h( max)+nn)m allox, ahl( +, +terser, time (0) is found for
+

)\on Insular. ion th.,ktwss and heat. eonduccton rate between Lhe pro-

I)_ ll,m) tanks+ ,ks tit+s( I ib,'(I el, _ _ouslv the ('ff(>c ts of Insulation thickness

t)n svsteiti [)t') telmall, (, a)l be d++t(+rmltled

lhe )(.suits of t.hese calculat, tot, s are presenf.ed In Fig. 3-32> 3-33,

and 3-3)+ for be,it +onductlon rates ot 0 10+ and 100 Btu/hr respectFvely.

)It(._( + |)lots t(,l)t,>s.r,t), tl,_ ,,tnhlaa)J,+,)) ,,_ of storage ttme. propellant weight.+

and velocity _t.q,J)r,+met)t IA_.) tl)a), rest)it )n the H()N/MNtI (:ombinatlon pro-

vtdlt,g the sam- |)ayloatt-to-g).t)s-_ _,e)gbt ratio as tile 1.02/I+t12 syslem+ It

_s appar(,nt that .Jr the p_opeltant w, _g|)t. ts decreased or the storage time

Increa_ed ahoy,+ the values plotted tile MON+)_+l|l system ts superior +to the

L02./'KII 2 +ys t.em

Ihe regtons where earh propellan_ (ombu_atlon +an be used to advantage

+(r(, [hill( ated For e_u.tn[)£c ft)) a plopulslot) svst(,m wtth about. I00,000

lb of propellant that must be stored lot a year assumtng a [lea! conductton

tat+ el' I00 I_tu/hr the HON.'NIHI] ,,)mbtnatl(+n w,ll b(, most attractive. If

%'_ ,'I ,it 2, ._torage tim(> Is som(what tess. ++Jr t)nc tn()nlh tilt, 1.0 2 system will

1)(-' Ino t(' a t t t a+ t ) ve.

the t,xtt,,me s)gntft(an<+e of (lie as._umed heat conductlon rate in deter-

ttJtn_n++ these regtons is apparen,. Ibis condt+ct)on _s a funct._on of the

(l(,ta_led svs_(,m (les_gt) ,.\s su, h ,_ ,,_ (/_II') ult to (,stimate the value

to he used tt:_ a _(,n(+raI +to(Iv.

5-,_')_ R-52()8
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Heat conduction between propellant tanks = 0 BTU_w.

No storage losses.

Pump-fed systems.

LI_E SI-K insulation.-

io6

10 5

io4

one yea_

io J
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MON/_H Region /_

/- j- 7" /
.//

47 /" / ,

LO2/LH 2 Region

)

10 5 10 6

Figure 5-32.
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1'he re,ions in which tile two propellanls are desirable would also be
F

affect.ed if some of t;he hydrogen were allowed to boil off. It, is pos-

sible that longer storage times for the I_02/"LII 2 combination could be

achieved'through some combination of "no loss" and "boiloff" storage.

?

Heteoroi(t Environment

The effect of the meteoroid environment on the propulsion sysi, em is

essent.i.ally l,he same as t.hat discussed in the pa) loa(t section. Puncture

of propellant tanks, thrust chamber walls, or any of the engine system

components may render a propulsion system inoperable. Figure 3-35

from fh, i'. 7 indicates a distinct possibility of meteoroid penetration.

It is therefore apparent that some form of prot, ective system will be

necessary°

At the present the most promising'protection system is the "Whipple meteor

bumper." The bumper consists of a thin shield, spaced a small distance

from t_le object to be protected. A particle hitting this outer shield is

shattered and, although the bumper is penetrated, the penetration of the

protected wall is considerably reduced. Reference 8 indicates that for

lead materials,use of a 0.075-in. shield, 1,,'2 in. from the target,reduced

target penetration to20 percent of the unshielded penetration.

gure 3-3b from Ref. 9 shows the ratio of wall thickness to particle

diameter as a function of the ballistic limit. ]'he ballistic limit is

defined as the particle velocity resulting in second plate penetration

such that a one atmosphere pressure difference camaot be maintained across

tile second plate. Using this figure (extrapolated) and a typical meteoroid

velocity of about 100,O_)t)f_s, a wall thickness to particle diameLer ratio

of about 3.2 is estimated. If, as in lhe payload design section 7 a meteor

5-80 R-5208



I_O(_K F_TI)YN E

0

F_

108

13 7

I02

I01

-- IO Years

_%J IJIV

_ I D.;

Probabl [_ty

,o,</

-- IO Hours

i-- 1 14our

/

/
10-3

/

//
/V°I_
/

10-2 IO-I 1.0 I0.0

Figure 5-55.

_hi c_ne,.,_, Inch.s

Prohal)ilit,y af No Meteroid Penetrations

in 1()0 ,<quare !.'eet of Surface Area as a

_unct'ion of Time in Space and Wall-

Thicknes._, Calculated t'rom Fstimates o]_

\_]lipple and Bjork (!{ef. 7)

5-,_T T:--5'-os



.-.--- S. 0
.-_

4J

4

_2c

k

i,

_.J
A
d

,Z

I'

d

t
2 "tk-h_ti "--

t
2

/
/

5.o00 J0,oC_ 20o00

/

(_,AL..L. 15TIC LI K,A iT , ¢'T/SEC

/
./

/

/
/

/
/

/

h 8
z

d

/
/

f

/

ba

--'_._,,..

50,00o Jco, co0

Figure 5-5(_. Effect of Thickness on Ballistic Limit
(Ref. 9)

5-88 R-5208



IIOCK ETI)Y_E
A DIVISJON Off NORTH AME_RqCA_ AV/IATION. l.r%IC.

of magnitude 6 /d,ame_¢r of 0 02_ ir,.. :s selected for design purposes,

tbe required shlelcr thl,-kness 'l/_) ._ 0.059 in.

r

Reference q also _nd_,at_ _ha,. ,.L_- use of a low density filler between

"t, he t_wo wails will substan,,lallv ,[)_r_a.se ,,be protective ability of the

oul, er wall. For the propulsLon svsT.ems considered iln this study the

Ljnde SI-4 ]nsula_,:n menlton_d p_e_,oo._lv was assumed to suffice as a

fllltz ma(,erlal. Pla( )ng an ob_m.t,,>m sbl¢ld o( 0.032 in. over this in-

suiatJon _as ass,)med )o p re_'_d_ sutf : j_t) t. !_rot,ec).ion. Thus: for pre-

llm'lnary es,,tmat,es the mv_eor bvmper sys,,em would weigh about O.t_5

lb/sq ft of surface area. _he f;llor (_nsulat,_on) weight is not included,

and _ould be determined jr_ ,_f ,nu,_-,8, )on requirements.

Va,uvm Elf¢,ts

The effects of "bard" vacuum su, b as _,balJencounl.ered in space, on pro-

pulsion system opera,._cn are many. "be low pressures encountered (on the
-i2

order of tO in. Ht_ can c_use l',;',_$ci,_.s_If_r_.s which are not normally

encountered even ,n _.be lab,Jta'.._,.,. Irf obsen[e of damping of vibration,

explosive decomp,ession _apo-.za' .c, ,,i ma,.er_als and various surface

effects offer many pol.ent_tal prob_.e_,s _h]tb mus_, be ¢.aken into account

in propulsion system des,gn,

Under the exposure ,.(_h,gb _a _),_,,s,,me matevials vaporlze to an extent

t,hat their usefulness .s s.gn,i, __,,,._ atfe, _d_ Some metals such as

magneslum; and va[.,oDs orga[} : IDs',,_tsl._ ._u.b as neoprene, epon potting

compounds: and MIL..D-I09980 g,_e _ha[_(;,ze to a considerable extent

overprol.onge4blgh-va, uum _xpo_,)_ po.t"_ _' ,_Larly at. high temperatures.

information on many '_| tb_se ,omu,.,_r,d÷ -. _va_lable in ?he litera%ure,

and can be _a.ken into a( ,o,]n'. ._t) p-opu[,.9 or, svst,em designs.

x ._q R-3208
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Table 3-5 shows an (:s|,lmated order of merit for behavior of plastics

t_ a vac, uom, Temperat6res at, whicl, lhe estimated weight loss is 10 per-

(,ent per year are given where avallabie, but, are subject, to considerable

.n ertalr_,t,y, partt,.t_larly I¢J tl_ (ass of rbe rubbers. Maximum rec'ommended

servl.c.e lempera'.ures _n a_r a.r(_ also given for comparison. In most. cases,

these are based on mechanl('al conslderatlons_ and wtll presumably apply in

a vacuum, ttigh polymers ale test _n va(uum: not be evaporation, but by

hreaking down oI _he (ha,us lqto smaller fragment, so Thts process is often

a_ctleraT,_d by small ameun*,s el lmpuriLtes and addtt, lon agents Including

|,olymet_zat,on , a*_l.__ys_.s°

Plastlclzers and mold lubricants are also highly det:Iimental to stability

in vac.uum, x,-bl_,t,, ,h_r, t"."e m_lv b_: strcr, gly affected by the particular

formula.t ton arid ,ur.'ng pre, ed, re ,J,_ed.

Table 3-6 glw:s the pro¢,abie _nax_mum temperatures at which metals and

semiconductors can be used lti space vacuum environment, assuming three

llmit.i_g ¢-vaporatlon ra*,es, lh.ese t,empera_,ures were calculated on the

basis of I.angmu_lr'_ eqoa_._'.,r,

P = 17,1_ W [/M

where

P =

.[ =

"_-' • _ --"

Vapor p_e_sui-e nun I-_g

RaLe o! evapora_.:on gm/sq tm-sec

Temp_., a Lure (t,_g K

Mo!e, ul at wo_gh_
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PL_L_ r ["S

'ABLI_ "_ 5

'_: SPACF ENVIRONMENT

_f" X a( llDm.

) _mp_. raLure at,

Which Loss is
:0 percent/year,

dpg F
Polysu] f 1de

Cel.lulose lal Lrate

Polyes Let

Epoxy- polyamtde

Acrylate {commerc_.a.I (oa,iDg_

Cellulose a,-fta_, b,_'vra,,e

(pl ast, i_. _.?ed )

Ce)_lulose a"etate._oiae',

%'Jnyl ,-/.}.or Ide

Polyurethane (cured at, 50 to

100-perrent bumzdlt.V)

Vinyl butyl

Sil,.'.ane a_kvd

LLnseed ell Calkall r._f_ned)

Chloroprene Inecp,pn_)

Alkyd phenol. -.

Epoxy. -amine

Met, hvl methacryiat._ _ber_z:)v
peroxide (ata ,'._s_)

Polyuretbane {cured at 0 _ ,

20-percenv humld,_y)

icel.l, l s% SaC )

z_d

J40

a . •

• • ,

PcO

27O

Air

Reduction Recommended

Service Temperature,

deg F

250

130

250

300

. , ,

225

300

180

2z_O

115

2zi0

300

TOO

165

.':*'. R-3208
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] ABL_ 5-5

Continued

Cellulose a_v,a'e butNrat¢

(no ),la_,,,,,,_r)

LV ire IIe

N3 on

Phenol l +

Me hyl m(,.ba- _via,,e (dlphenvl
,:yanomethvl , a_,alys+,;)

Poivcarbona Le

Hetbvi a, ry).at,, (+benzoyl perc_

_,;ac uunl,

rempera t,ure at
Which Loss ts

lO percent/year,

deg F

280

500

• . ,

320

. o .

320

Air
Reductton Recommended

Service Temperature,

d_g F

225

160

250

&O0 "

+ , +

tde c al,al.x,,s _,.

bet na.'t,_ t al

[ so pr erie

Cellulose ( pur+-

r,o oLber add

unoxtd_zed, no

360

360

3o0

180

• + .

375
[lastt _tzer)

e thvls_vrene

Cellulose a, etat.e {no

Ethylene teteph|halat,
a._t con )

l btt (.y_t enc

But ad _erie

But

Plasl 1. Izer J

(mylar

ad)ene-stvrene (GR-_ = SBR)"

ypropylene

hvl I_etha(rylat'e (no (aLalysL)

i
i
I

t
I

370

57O

390

400

+ , .

z_lO

° , °

. , °

180

• , °

-_- q2 R- 3208
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EXAPI_RA!10_ 0F HE'A_s A_D ".F_'+;," XDtCIORS°IN HIGH VACUIM

[*I,:meD t

t a.dm :,,,m

S¢ i_et)._)m

Ztr,

lellur _um

Hagn _ s "Ju

,_dJ i - _,..! V

B smu't,

Iead

[nd ._im

Mangane s-

S .1 _."-_"

r n

Al.lo, m _i..lb

Be r v I :..m

Ct__p+ r

(,,,,d

(J_- rRid.h .m

('t" rom, tl_

[:- or_

SI1 : ,,n

N:._ ke"

Pa_, _d,,:w

emperatur, (,l._g F) at

_-t,;_ct, E_aporat.:on ls

iO "5 , re.iv;

LO0

160

260

260

"500

'+0

a" 0

5i0

"60

8c q

I q_ i'l

).(:PO

:. _o

.; ..{ q

, _9(i

,'._0

.Sfl

it, q0

L_40

t0-'4 ," " lb/ V :_

0

_0

260

"_50

'. 0

'r f.)

'.00

_30

qa0

,OLO

qqfl

.;79

,_hO

500

. ,, (.it)

i - "q

. t,O0

I qO

i -_.0

10 -1 (m/yr

250

2_+0

350

_30

_60

53O

57O

750

800

1130

_200

1300

i4_0

1_90

t5_0

_.650

• ":50

J. 750

i840

Lq20

1970

9000

2090

Melting

Point,
F

'610

h3o

790

8_0

1200

_70

1170

52O

62O

310

2300

1760

t,50

1220

23_0

1980

1950

" 6o

34t_0

2800

2580

2650

28z,0
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l';I emen I

Uoba i t

['i tan ).tim

Vail ad ium

RI.i t,btrl t trill

Platinum

Boron

Z i.on_t:.m

I r .d _,um

Molybdenum

Carbon

Tantalum
I

! tltigSl ell

]'hBt E 3-6

¢,

Con t. tnued
f

lemperature {deg F) at

I_|iif.|i F_aporation is

10 -5 cm/vr

1500

i6qO

1870

2080

2120

P31_0

23._0

2520

2 ]80

3250

5300

5 h 00
.L,.. ..............

10 -3 cm/yr 10

1760 2O20

1900 2280

2150 2_60

2_20 2800

2hz_O 28h0

25_0 29._0

2740 3150

P ; -'_0 3150

9960 3_50

3050 3_O0

3700 "if200

5700 • h200

5qo0

- 1 cm/'yr

Helting

Po in t,
F

2720

31hO

3100

5580

32/t0

3720

3360

' hh50

_700

6600

i 57005700

 .5oo.......i___6_ 9o........

).' Q
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Hechan_cal m_:t_on tt+ a va,,',um ne ,-._,_ote+ _he recognition of two major

effe_ ts: II) greases and ._),he- .,-tJ_t,l,,)nal [ubrtcant, s may change their

character,sties o_ disappear ou,,at, tt:_ /due to volitlllzatJon, and

{12) dry sl,d:ng fr.T (,t) .n -';tnf, ,,.mt_lt,,ot0onv *s muPch higber than in air

due 1o t,he r,-moval o! n(,_m_t ÷u_ta,_ t,tm :,f absorbed air. The evapori-

zatlon-of tbl._ surface laver ,_f ,,r bus an Interesting effect in that the

situation arises wbete a "pe,t-, (v , lean" surface must be considered.

I_o su(b tleall Sl)r|'o ¢+8 _D ,(,n'o-t *_,._ a wee st.rong tendency to cold

_,eld t.egetber at _be _+erv su_a_.i _r_ ',, po,nt,s ,,ba_, actually touch

eacb other°

Increases _n dry coeft_ _e_, ,,t It; ,.ou of 500 to 500 percent in vacuum

have been exper.me_tallv d.-mot,_,._ e,t [,bri_at,_on _s complicated by

t.be nor.ma.l e,.'npgrat,_,n (_f l.b_,a_,,. _an,, of wbi_h have hi.gh vapor pres-

s_ures, and by l.he d_per_d_,ne t m,nv s,_rta, e_ upon layers of.absorbed

gas for add_ttonal lubr,, a,,t,g eft, .iv. Desorpt, zon of gas _n a high

vacuum may cause su¢.b sutfa_._ _ _._e gall and we_d. Low vapor

pressure lubttcan,.s.._uch as m_)Lvbd_hum d,suzfide, are sa.ttsfactory if

used tn am(,u.n_.._ _ar-a_ en,.._gt, t.. [,,-.,,,)r,_ _umo._e_.e evaporation of the

lubr_(.ant durng t.be se*v,,e ..It ot ,be par_. _'acuu.ms In the order of

]0 -6 tn. of met,u.,y have he_z_ ,b.-_,,,d _1) r(.dute tbe service li.fe of such

lubr_,ants by a ta t,or _,l O_

H_gb vacuums _n.o,m_ered ,n ._,_, ._r.,,._ ,,.()"'_ to 10 -17 in. of mercury)

may affect. ,er_atn e).e, ttot_, , .mp_n_._ _.b,,se electri.cal properties

depend upon tbp_r sut_a _ + r_'._o._ +,.r, _,)re. M.,ca and asbestos: for

examp[e_ depend tJpon i.oo.++-!v t,,,nded x.a_+ , ,_f hydration for their di-

ele¢,*t,ric properties. [hes_ x,eakl.v b+>nded surface molecules may escape
-_ .* ..

in b_gb vacuum° _4here _.b+ .r use _ mand+to,v pressurl_ed containers

may be required

q5 R-3208
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!be Ja*i_u, _ [:fe az,d ,reep pt, enomona of metals at. reduced pressure also

show _nt,ervsl._ng d:iterr-r',_es tfom.tbe r pe,-formance.at_ oId]nary pres-

sures. ]b_ fat;_.le i,f_ of some'metals s_.ems to _nerease at low pres-

sures. Creep t_ipT.ured (_)_v_s fcr low--term tests in air and vacuum for

nickel seem to :tnd___at,e a shor*ex _;;.me to rupture for the vacuum test, s.

.s

Ihe spt _, t_al em!sstvlCy of the s,_rfa "e of the propulsion system is a

, rl_! a_ fa_. tot ir, deLerm_.utng Th¢,rmal balance as sbown Jn _,he previous

secl_on. T/::s _-m_s_',:lv t_ str,,tgJv dependep.', on the condrt,_on of tl_e

surfa,'e of w,t.,¢ ma. ter_ak: As O)e I,.gt, va.(ubm of spa,e (auses the surface

t.o change d'a,°Lo vollt.izatlon of th(- surface laver of art and vaporiza-

tt(.,n of. mater_ak, the em-ss_Jrv _s 1,ke:ly t,o change also.

Ou the 'basis 9f Lhe ,afcrma,'._gn ava,_a_t_, tt. appears that, problems

(a,)sed by h,gt; _a,'_Jm. an be ._(, d(-d _n r,he svstem by careful selec- .

t..o, of ma,,:r_al.s n :r+,+,,'ai app_l_at_.ons. H,e uncertainty of much

el _r.(+ da'a t+owe,_-¢,r make_ +_. highly desirable that these applications

be :onft,'m_d bv en_-ronmcn:.al *+s,'ng.
'-_ak."

!_he _nteract_.on of ener-g_:t,::. ]_o,d,a(,,OIl _,°l I,[! matter is complex° The most

s_-r,ous eft_:,._'_ res_li_ng f:,om ":i, s _ad_a=._on are b,ologl'al. These

¢-ff_:,.cs atP d,sc,.ss_-d ,_ dt-*_a ". _md_,_, tt_e paylead design (.ri_er:ia con-

sxderat_gnso Next :otmmao b*_tngs s_u_-,.ondu_tor mat.er_als u_ted _n

trauststt,rs ar(: m,_.t sos'.(p', b_ ', oamage from lad_at,_on. Specific

eff,.,._'.s _,h._c.b m]gb, b(. en:.._m,_,ezed ,h the propu_ts_on system are dis-

,,ussed b_ le_, o

5 ')t_ R-5208
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Table 3-7 lists the relative radiation stability of various plastics.

Curves of variation in physical properties as a function of absorbed

radiation dose are also avall_b]e for most substances of interest.

ri

The reaction of Teflon to nuclear radiation is well documented. It is

one of the mor_ sentitive plastics, tending to become brittle, to frag-

ment or powder, -or to release fluorine gas when irradiated. It becomes

seriously degraded by relatively low radiation doses (5 x 10 _ rads) and

may therefore be considered to-be marginal in suitability.

Mylar, polyethylene-terrepthalate, a polyester, begins to change its

properties at 105 to 106 fads. Ibe addition of mineral fillers is said

to increase the radiation stab_il,_v of polyesters 100-fold. This increase

in resistance to radiation vy fi_i,.g is generally true for most plastics.

Table 3-8 shows the reiatite sta'_i]ity ratings for elastomers Butyl

rubber, has the least radiation s_ability of any of the common synthetic

rubbers. It may be noted from Table 3-8, however, that its damage

threshold is well above the anticipated dose. Butyl ia said to retain

fair properties even after a dose of 1 _: 106 rada.

'J_at"

Silicones of all types are said to accrue 25-percent damage at a dose of

5 x i0_ rads. Wi_h such severe damage at this radiation level, some

deterioration can be expect.ed irom t'_e al,ticipated dose of 6 x I02 fads.

Thus, silicones are considered oI margi.nal suitability.

Buna N, an acrylonitrille-b_tadiene copolymer, is stated to retain fair

properties after doses of ] x 107 rad_, the threshpld_f damage is

quoted as 2 x I0_ rads. ]he anticlpated dose, 6 x I02 rads is _ell below

this threshold, so no problem is apparent.
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tlEt.ATI'_E RADIAIION STABILITY OF PLASTICS

Class [

Class [I

Class 11I

Class IV

Retaln fair properties of doses of 10 8 rada

Phenol tcs (filled)

Polvst.vrene

Poi'v _ s!ers (_,li_d)

e g _4vtar

Epoxies

Slltcones (filled)

e,g., DC-122

Re_aLn fair properties after doses of 10 9 fads

Pclvethyiene Polyesters (fibers)

Pui_'vlnvl .l,lomd- Pbenolics (unfilled)

Reta2n fa!r prt, p_rt _s aft.er deses of 10 6 z'a,tS

Pol vam,_des

S]li(:ones (unt.liied)

Pclvesgers .!unftlled)

Acryl_cs

Polyformaldehyde

R_taln ta,_ prop_rt,,os af,.er doses of 10 h fads

let'S_on

'&ak'.

,I)
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RELA!I_F RADIA'_O_ S',Xb t. lrY OF ELASTOHERS

Class I

Class II

Class III

Ret.aJn fa,r px':,F,-ft,e$ at',_-r- deses of 108 rads

Nat_ural rubber St.yrene butadiene

Addu, , .... _bb_.+ (,opolymers (Buna S)

\ tnyl pyridine elas-
Po _.wJ r _ ,,t _ne s t,ome r s

Re*.ain ta_r pr,._perI._es atT_er do_es of 10 7 radm

Acrylonltrl]._ b,),aO -r_

< opol-v_f I'_ [_,_rJ:, \

Po t v_+J t _d ,+n_

N_ :. Ot er_+

[-]Vlaa-/o b

Poiya_:ryl at,ee

Ret+a,n fa _ proF_-,t

Stl)cones

Fl+_c,::o¢ arbon elastomers

Poivpropylene poly-

e t,by].ene elastomers

f

s _t,p, do,Qes of 1.06 rads

lt, ,,Jk "_

OULV£

"tP " " qlP

_ ?[_ R-3208
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_lany ef (.be effects resui_.ing from partlcuIate radiat, lon concern, insula-

Lton and thermal balan.;e of ".J,e _:ropulslon system. Exposure to this

radia_Jon fo- long periods may tnfluence the behavior of Lhe outer most

layer of external surface of the vehicle_ . Thois roughening on a micro-

seep1,: scaie may affect the emlss_vity of a.metaIlic surface and titus the

)hermal balance ot' a propulslen syst, em. the (,hermai insulation of t,he

propulsion system may be affected tbrough out-gasstng of the surfaces,

!..b,)s ca'_s_:)g i,be gas pressur(" .o tbe lnsula.tlon and causing it, s effective-

(lI'___ _,_ de t.e _ _,[.ale .

!

fbe absorpilon of: radtant erie.rye by tJhe propellants in a chemical pro-

puls'on system may lead _.') a varlet.y ot' chemical changes. These changes

v,_iv fr:nu s':._:.w "c sv-t.em and d_=I)end upon the total dose radiation.
w

Est_mat.(-_ of these ,'ft(_:,t,s t_ 2_qu:d ',:xygen and ]lqutd hydrogen ,tndicate

t,hat _bev a_e n_.g_g_b-e.

Zore Gravity Effects

In tti( unpo_re.d porl_(;ns el spa¢:( Iltgbt when t.he vehicle is moving

solely under the a,.t, Jon af gravlty_ the propuisicn systems will be

exposed lc tt, e _-ffe(.!:s <*f _e!gbtless, ess o: zero gravity. ]'he term

zero gravit.v _s ust:d s_nce the spa¢ ,_ veh],ele and its contents are both

" )_xper?encing t_ke same grav,_a:,-cnai at,_elet-at-o_, arid therefore the

aq.c.elerar:on of the (:ontalned ma(.ter _elattve to the vehi(le is zero,

(he primary eff-e.ts of zero g_av_ r.y are due t,_ t,ke absence of any body

for,(.cs Ea_.h body ret.a_ns i t,s own mass, bu't does not exert any wexght

for(e on its environme_t For example J.n a !_qoid w_th a free surface

suc:b as fouled "n tb_ nropellant *anks of a space veh._cle, there would

b(_ no b_drostat._, force _herefore, buoyancy and nat, oral c:onvectton

would not _'xts,,

3 - 100 R-3208
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Processes wh1¢b are sens1_v_ To a gra_:_tv gradlent are outlined below:

i. Hydromechan::s _.

ullage ""

b, , Hvdrcdvnomi-_ -_,r,_ _ ' qu:ds and llquld-gas mixtures

"b',:_g_ p.L_ -:z__ _ o'._ _u_blnes and separators

Ioo,, _. ,, -J, '_ '._ .,i,d _ d r:g bearings w_th fluid

lob_i_:an_

2 Fiu_d tIeat iransfer

a . $,:.',,r:-,.x .-v,'.m- - ,,_, t phase Cfree ,onvect_on}; two-

_ .l.g _[i,J .'_d,:r,_ ngpbo.-e p: _.

boilers and (¢._',::r_ka_

_ . ,a_. t _ ,-d convection in heat

_.t :,.-- t . eO ,,,vial;on evaporatlon in

.fn ..h condensers

I}.e stud,_s o,,_,,d ""_a_d ,i .... P__ ,t,s. ,Itects are discussed at

lengtk it, Ref l0 _hrough .'2. '_ . -: s _÷; _n _1_ be briefly summarized

ai,:ng _lth some desiar., me.t,e(:, '- -_ a_,a,:_ ,r_g _he problems arising from

these eftec_s

Hydrostal_cs. Tb_ bvd.':,s,,_" : ;--t.a ¢,_ "_t l;qu_ds at. or near zero

gravity bas been subje'_td .: _.mf. .s analys_s which take into account

deformations due _o adt, es, :e d_,d :t_s.ve for,:.es. Many analyses have

been concerned wltb detexmxn ng "t; stapes that fluids assume if left

to themselves; fcr example .r,_ _:- as _ a propellant tank which are

subjected tb zero gra_*.y.

3-.!01 R-3208
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A tl;_.or_,.._k analysis ([h-I. 13) has st_:)wn, using tbe przn_:iple of

_n:nim,Jm surfa e _'nergy: that "h( st._bl_ (onflgurallons of a bubble will

be a sorta_:e cf tevolutlon :t al.]|_ed by t,be _.ontatner _¢alNs. _,:apor

bobbles _,1_1 :cales_e ,.o f,)rm a larger bubble_ which will*even_,ually

,jo±n I.tW _.ef:tral bobble t)y ,.o,t,a*., It concludes _.ha|. zero gravity

hydxo.st_,t,cs ave dominaged by sotfa(e te.nslon, and t,he st, ablllztng effect

(,f smati rt:_a1::':,lia| tl,.st_t-ba_._ s _,l.'l ..aose bubbles t.o coalesce along

'1_ : 61}t-'_ ,,! : _'tat.oo.

t!,e az_aly'ses bare ,_n generak been _er_fled by expertment. These experi-

mtnt.s bare sb,:*wn t,bat ]r_ a pr.-pe:,!an_ t,ank with ullage the wetttng ltqui.ds

!.water o. ". et(-. ', w, ti .-:rawl_ ar,v,,_nd _,bo tank walls leavtng a gas pocket.

_) ,.be ._, L_.o N-_L-_'._:_g tI_,_ _, 1_ -'_al_.sce in the center of the tank

lea.:':r.g _,. ._mp__e,.-_ g_s biank_, b .... t,-e,.p ,xe propei'ant: and lbe walls.

Scn(:_ . rv,_ger,,_ liqo.ds are m._re _i,,,.t_g '_han water tbe effects described

ab,v, w _;t be se_.,n r,(, a gr_,at,er _r,_e. lhe behavior of a cryogenic, llquid

,,) d S'v,-'! :._nh v- 11 h¢, d,')m_ro._-d )_ surla_:e (.el)S_OIi when exp,_sed t.o zero

grav--.v. )',s eq_: .i _--,:,... ,._,:' rr.;r_t ,.r w ii b_. a surfa_ of m_mum ar_=a

ti_t', s _v:qa.,=-_' ,J_,_rmt_¢_:'" Ov t|-, e[:a;_a cf the c.on_,ainer _.be oni,act,

a_g!¢ t ",be ti:_,d ._ ;(I, , _ 'b 'l._ on_-,a_r, er _,ails and _be ,atto of

lbe v_;k_me9 6t be flu ds _n rx, _,ac.h. -Ske,,,'kes ot some or_f'ffora',_ons

.r-art- ._t:¢_h _n r g 3 z",_ - • ...,/ o

A m_.jor [.-o_,.:u r,-_x,vd h_ ' ,_,- ,t!_ '_ _s ,.ha,. of separa,._ng _Le gases

o_,(t l:q's,ds ,o r,i:e ".,_.nks {t 0 I_ I _) _ e" 'r"_ 1.)l--_ ) n _V S _ O m _ _Ia [ _ A number of

met.ht,(ls el a _ (,mpli..-_ r_g t_ ,.- a't a.._ n.bie. _w,t s,.za,gbtforward met, hods

_rt :

i A ,.:+'a,.-tng 11_e _.ar)k _,_.t at: a,x l.:_arv rocke_; the l_(ln_d

5- _!_'2 R-3208
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Figure 3-37. llydrosta_ic Behavior of a Contained Liquid

Under Zero Gravity Conditions (Ref. II and 12)
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I I

.

gas interface will be perpendicular to the accelerafiion

Permanent separation of the liquids and gas as with a diaphgram

A somewhat subtler method is sugges.ted in Ref. 12 and uses the wetting

properties of Ole cryogenics. Pokes are planted on tile floor of the tank

(Fig.3-57' c). Because of the wetting properties of the cryogenic liquid

_hese poles will not readily penetrate the liquid-gas interface. The gas

bubble will be kept in tile upper part of the tank and 6he liquid in the
v

bottom. These wetting properties can also be used in designing an entrance

to the propellant feed line that will tend _o admit only liquids'.

o

ltydrodynami c s

An obvious hydrodynamics problem under zero gravity is the separation of
p

liquid and gas phases in two-phase flow. This problem would occur in the

venting of cryogenic tanks. An interesting device is described in

Ref. 12 which states:

"Venting devices, utilizing pressure (tifference, may be used

to solve the _;enting problem, h pipe Ieading from the in-

side of the tank to the outside may be equipl)ed wiCh a mov-

able lip, which has the shape or a kruncated eono_Fig. 5-37(c))

so that t.he surface of the mlni_t_um area canto) t, be tangent

t- the lip. The lip rotat.es because of the pressure differ-

e_,:,,. _'h(_n ib rot,at(_s a centrifu(_al t'()rce is created which

produ,,:__.s a small gravitai, iorla.1 fi_,l(t to (hrow the liquid

a_,iains_ i[l_, tank _,'al| and t,() (!raw the \'apor bubble towards

_,h,_ axis. this device _,'il[ eliminate itt. least, partly the

escape of the liquid. It rna)' a(te(luatoly solve th(, v('r, ting

!lrol) l(,m. "

3-10t_ It- 520 8
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Lub_r i ( at 1on

1he efte(.t of zero gray. _v on l_r,_at mol lon bearings and thrust bearings

_seems _,o present no add_t,,,na} -[,_a" ng problems_ On the other hand,

........... the effec, t of zero g,av,,v ,,n ;a-d:;ibvdrodvnamically operaCed bearings

as very def:n,_c add jesulTs n 1be lnslab_llTy associaCed with unloaded

bear,ngs.

J

H),s phenom, non ar_ h. a,,.,'i.-._ .... .n-,o'lvd by _1) adding external or

art_f,.(_al 1.ad.ng _o se, _t,. sp,.d a. _b,.h _h,fl commences sufficiently

higher _hau ¢h¢ op_ra_ng .¢p.e_ '2 _t,, rPas_ng _he bearing operating

¢iearan, t- ,6 _n ,_ase "le 3 .... _,ai _ en,. l_v and hence thee speed at

w_-,; k, a s,.n_! _:, .,,,--_t.. _ ,,g f, . _a_ed and (3) designing a

s'.ab!e g_,w_,rv ,_s ,,, a_ .tt.- _,,tt- _ mt,:llp).e pads.

Hea_ _ranst_r

Dur,ng per._ds ,.,t _ ", __,ax ,v I_, .dt. st_, _.l) be occurring between

the prop¢, .,t,_, o,-d ,h, o" o_ .._t." "_k _a!_s lbe t.vpe of heal, transfer

a_d _br h_a_ _,_,-:_, _,_'_ ,,_ ,- _t', b_ mportan_ in _.he determination

of pr_,pel.lant bea_vg [,r_. n-,. - Is,+ J_m,:u_s_ratpd *bat free convection

_s absen_ during z-r,_ g,ax _x tc .,o- _.lm bo_l_ng experiments under

zero gravl_y ,ond_,._ _s t_a._ nO o -d ,b_" ",_.e the transient gravita-

tional effects have e_sed _b_ _.-,_ gray ,v and _t. gravxty heat fluxes

are very aam_lar

J

}

_.._n 5 , R-3208



ROCK E_FDYN E
A DtVI$1ON OF" NORTH AMERICAN AVIATION, INC.

t'_SI_I.E\IES OF ClTI-()l:_ i_PL.LSE DI:WIA'TION
?

l:01{ VU[tI1 _ SPACE E%ciIN'ES

operat, i ,In thp course of rocket engine on transient thrust conditions

occur at engine start and cut-off. A typical thrust history illustrat-

ing this is st_own in Fig. 3 .58. These transient conditions can lead

:to _naccuracles in position aml velocity at the end of the powered

l'llgt;I, phase, resulting in deviations from the desired mission profile.

in gcner'al, the effects of the slart, up transient can be modified during

the steady-state engine operation. The guidance system will be aware

of the lmpuise contr-_bulton of the st,art t.ransient and will regulate

the cat-off l:m_ accocdfngl'v. Ar_ a l._o_ance can also be made for a pre-

•dt(.l_.d nomtnal unpu!se contrlJut,on during the cut-off transient (cut-

off impulse). []o(<tver. var'l_.:.ons ,n englt_e parameters (luring cut-off

caasc devlaci,ms in c_c-ot'f impulse from this nominal value. It is

the purpose of this study t.o estlmatp the variations in cut-off impulse

whach can be expected tn futul¢ en_laes, lnese estimates can then be

used ;n s*u(lt_,s t.v dttetmi::' tc,.,!r eif(:ct on the flight path of future

space m_ssions. ]he propellant com b_nat, ions of liquid oxygen/liquid "

hydrogen and mixed oxides of' nltrogen/monomethyl hydrazine (HON/I_IH)

are considered.

Analysis

Cut-0ff rmpulse. :_be_brast termlnataon transient and resulting cutoff

impulse which occur at engine cutoff can be attributed to several

factors. First, valve closure is not ]nstantaneous. Therefore, propel-

lant, ('on*_nucs t,o flo_ and burn at. a d_,c_easlng rat_ during the valve

5 106 R-3208
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Figure 5-58. Typical Thr.s_ Buildup and
Cutoff Transients
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closing. Second, after valve closure, a quantity of propellant remains

in the cooling jacket, manifolds, etc. This continues to burn, provid-

ing additional impulse. 'rhird,rupon completion of this burning, the

gases remaining in the combustion chamber are exhausted until the chamber

_oressurc is equal to ambient. "[he contributions of these factors to the

total cutoff impulse del)ends upon the propulsion system design.

If the cutoff impulse could be duplicated on a run-to-rim basis, the

space vehicle and its guidance could simply be designed to consider this

conti_ibution in any given mission, th)wever, variation in engine param-

eters cause the cutoff impulse to deviate from the nominal value. If

the effects of this deviation on the mission are significant, they may

be eliminated by either reducing the variation to an acceptable level

through a more extensive design and test efforl or by providing a com-

pensating effect in a later propulsion phase.

Deviations in cutoff impulse considered in this study can be attributed

to Variations in three engine parameters: (1) thrust, (2) actuator time,

and (3) main propellant valve closingPtimc. The manner in which these

fa('tors individually affect the thrust termination transient and, there-

f__,re, cutoff impulse is illustrated in Fig.5-39(a). In practice, these

effects would be s/whined, resulting in the total Cutoff impulse deviaLion.

[n acceptance l,esting of a rocket engine, the calibrated thrust is

generally required to be within ± 3 percent, of some nominal wllue. In

,rdimlry _,,st, procedure, the thrust of a single spe,'ific engine, con-

si,lering run-tr_-rm_ variations, will be within +- 1 percent. 1'his is

illuslrated ,hi lhe following pageY ' _

5- I()_
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Thrust Calibration

Nominal

Thrust

k

Engine B

Engine A

.,, ± 1_

Acceptance Range

4

This 1 percent run-to-run variation could be reduced through an extensive

test and calibration procedure for each engine. Factors other than cal_

bration accuracy contribute to variation in thrust level. Change in pro-

pellant density, feed system fnlet pressure, mixture ratio, etc., lead to

the deviation of thrust level from the nominal value.

/

The contribution of thrust level variation to cutoff impulse deviation

is shown in Fig. 3-39 • A variation in thrust (A F) just prior to

cutoff is assumed to continue on a percentage basis through the entire

termination transient, or

A I F = ÷ I N AF (1)
FN

5- 110 R-5208
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The time required for the act_,htors to lnltlate propellant valve closure

is subject to variation (AT). [he effect:, of this variation on the

thrust %ermin_tlon transient Is illustrated In Fig.5-59(b). This effect

is essentially a delay in t te beginn]ng of thrust decay.

AIA= -+ ATAF (2)

Main propellant valve close, re Is 81._o sLbject to yarlation. This effect

is illustrated by Fig 5-50'r' lne te!at]onship between this variation

and cutoff ]mpulse _1ll be de te,m]ncd in a later section.

Estimation of Cutoff Impulse Oe, iatton ro provide information concern-

ing the cutoff |mpulse devla l,):, e_t_ma_es _ere made of cutoff impulse

as a function of thrus_ lex:el a:_J ma_ proV!l_nt valve closing time.

The prediction of the cutoff lmpb:_e of an engine with any accuracy

requires a fairly detailed description of the propulsion system. Results

of a semiparametric study, such as t_,s, a_e est, imates.

The cutoff impulse was esl,mated _vi:,g a transient thrust It_t program

developed by Rocketdy_e. It, l_ program considers the thrust buildup

and decay of a propulsion svs_e,m _hose propellant valves are located in

the injector. Thus, t.he'e_fec_.s of combastion during valve closure,

and residual gases in the combustion c nambe, atter closure are considered.
%

The effect of residual propellants downstream of the valves (coo_ing

jacket, manifold, etc.) ex,st,ng in many engines is not considered.

This program would approximate an en_|ne _ith an uncooled thrust chamber

or where the main propellant valve_ a_e downstream of the cooling jacket.

An est._mate of the cutoff impLl_e cc_]tr_ut_on of the hydrogen in the

cooling jacket was made for tt_e _-2. fons_dering the thermal expansion

5-'!! R-5208
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of the hydrogen whxch has been heat, ed in the process of cooling the

t, hr'ust, chmnber, the es_]mate }ndicated,t, hat the contribution to the

total cutoff impulse _,as on the order of 8 percent. It should be noted

t_hat some of this ttvdrogen _ould be burned with residual oxygen left in

the manifold, e,c at valve closure and the contribution to the cut-off

impulse could be somewhat higher. For the storable propellant system

this contribution should be neglagable.

°

Dstng t,hls program, cutoff rmpulses were det,e_nined for thrust levels

from 5000 to 100,O00 pounds and main valve closing times from 1 to

lO0 msec. The following assumptions were made:

1 , Propel lar:t combination LOi/'LH 2 biON/HNtt

2. Chamber pressure " 509 psia 200 psia

3. Mixt,ure ratio 5.0 2.R
w

_. L:: 30 in. 40 in.

5. Both propellant val.ves close at the

same rate

Results are pIesented in Fig. 5-_0 and 3 _1 .

Reference 15 presents t,he followzng equa*,lon for cutoff impulse, assure-

, ) . '&_,..
_ng _nstantaneous valve closure.

I = 2FL: (3)

 /gk Rrol (k -, l)

"5- 112 R-3208
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This represents the minimum cut-off impulse and is presented as such in

Fig. 3-_t0. The curves determined for finite valve closure are extra-

polated to become as3_nptotic to these values.

For _he straight portion of the curves in Fig. 3-40 and 5-hi, the

deviation in cutoff impulse due to variation in valve closing time was

determined. In the range of thrust and closing time considered, the

following relation was fomld to apply:

IN - 0.90 7.v _' L02/LH 2 (_)

AT
AI v

- O. 9 7 N ON/'_fit
I N 'T V

This is plotted in Fig. 3-82

The cutoff impulse deviation due to thrust variation, Eq. 1, is pre-

sented in Fig. _-_3. Cutoff impulse variation due to actuator time

variation, Eq. 2, is shown in Fig. 5-h_.

In the figures above the cutoff impulse deviation is presented in a

parametric form. To provide information for the missionstudies,

assumptions were made _s to the variation in the influencing _rameters.

These assumptions are shown in Table 5-10. The effects of thrust

calibration, valve closing time, and actuator time were discussed pre-

viously. The variation in propellant density may occur during coasting

in space where the propellants are subjected to solar heating, etc. for

extended periods of time. This density variation, in turn, affects the

engine thrust. A variation in propellant temperature of ± 5 R was assumed

5-115 R-5208
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TABLE 5-IO

ASSUMED VAR L%T IONS

Variation in Valve Closing Time, percent

Thrust Calibratior_ (Specific Engine), percent

Variation in Actuator Time, msec

Variation in Propellant Density, percent

+- 15

+ 1

-+ 2

+ 2 (LO )
2 2

for LO2/Ltt 2. This effect can be neglected for the storable combination.

This results in approximately ± 2 percent variation in propellant den-

sity. Through the influence coefficient for an analogous engine, this

was related to thrust variation. Using the tolerances assumed, cut-off

impulse deviations were determined for a variety of thrust levels and

main valve closing times.

Results

For the assumed variations in propulsion system "parameters (Table )-10 ),

i_he deviations in cuLoff impulse are presented in Fig. 3-_fj5 and ]-ti6 as

a function of nominal thrust lew._l and propellant valve closing time.

The shaded region represents the valve closing times likely to be

encounte red.
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el,

These estimates (L02/I1_2) seem reasonable when compared to the cutoff

impulse deviations predicted for the J-2 if the assumption for variations

in main propellant valve closin_ time are. kept in mind.'. The assumption

of this study represents a somewhat more optimistic value than thai of

bhe J-2 It is felt, however, that the assumed value is in line with

valve performance previously exoerienced. It should also be noted that

dse of a propellant utilization system and the resulting mixture ratio

variation may cause a considerable deviation in cutoff impulse. Where

such a system is used, the propellant utilization valve should be reset
m

to its nominal design position .just prior to cutoff.

From the results of this study, the following deviations in cutoff im-

pulse were estimated:

Thrust,
1000 lb

5

10

2O

50

100

Cutoff Impulse Deviation,
lb

L02,/I_t 2 MON/HHtt

± _7 ± 35

± 110 ± 80

± 270 + 210

± 700 ± 570

1500 ÷ 1110

I

j
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0

NOHENCLATURE

I = Cutoff impulse, lb-sec

AI = Deviation of cutoff impulse from nominal, _. lb-sec

F = Thrdst, lb

T= Time, msec

A7 = Variation in time from nominal value, 1 msec

L = Characteristic length, in.

• /sec 2g = 32.2 ft

R-= Qas constant of combustion gases

T ffi Combustion gas temperatare at cutoff initiation, R
cl

J

k = Specific heat ratio

Subscripts

F = Variation due to thrust
0

N = Nominal Valu_

A : Variation due to actuator

V = Variation due to main propellant valves

'_k'.

¢
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EFFECTS OF FIIR0I- 11_ING 0N t'tl()Pi!I S 1()_ SYSq.D4

t) 'Ii_FORH_LNC E

In certain space maneuvers it may be desirable to use variable thrust

(throttled) rocke_ engines. Missions re@iring hovering or rendezvous
r

exhibit this characteristic, Two types of thrust variation may be use-

il: (1,) step thrust variation and (2) continuous thrust variation.

Step t.hrottling can he achieved '_hrough use of single or multiple cham-

bers. In the mult, iple chamber case several thrust chambers are used to

provide nominal thrust. By cutting the thrust chambers off and on, throf

tling can be accotoplishedo

The sitlgle (:l]ambor step tbro:.t, l iug at,d the continuous thrott.ling are

obtained in several ways:

1. Varying the area of the injector orifices
i

9. Varying _hroat, area

3. .Modula.ting propellant flowrat.? to result in a lower chamber

pressure

t

The throttling method selected depends upon the purpose and. size of the

ongine system.
. I

This study was conducted to i._vest.igate *,we effects resulting during

throttling which may affec" ,*he desired mission: (1) degradation of

engine performance during throttling and (2) variation of cutoff impulse

deviation.
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PerfoIanance Effects

/

Ill general throttling is accomplished by some process which effects a *

change in ohamber pressure (i.e. methods 1 and 3). Tile vacuttm specific

impulse obtained during engine operation at a throttled condition may

vary from tile nominal value in two ways. First tile characteristic veloc-

ity (c _) i,_ a function of chamber pressure. Operation at a chamber pres-

sure lower than nomilml will result ill a decrease in c_ and thus in

specific impulse. Tile second effect would be in the c _ efficiency.

Operating a thrust chamber at chamber pressures lower than the design

value may cause inefficiencies in operation and thus degradation of

performance.

Numerous tests have been made with throttleable engines. Some results

from tests on a 150,000-1b, L02/'RI) engine are presented in Fig. 3-_i7."

The .change in vacuum specific impulse with throttling is shown in terms

of percent of the nominal values. Since the actual tests were made at

approximately sea-level conditions, tim chamber pressure and characteris-

tic velocity (c*) were used in transforming this to vacuum conditions.

The relation between c* and chamber pressure based on theoretical combus-

• tion performance calculations are also shown.

The data presented in Fig. 3-_7 does not reveal any particular relation

hetwe.en throttling and specific impulse. It appears, however, tt_at the

c* efficiency is unaffected by throttling. On this basis it was assmned

that the only effect exerted on performance by throttling was tile chamber

pressure effect on characteristic velocity. This is shown in Fig. 3-1t8

for the propellant combinations of L02/LIt 2 and MON/blbltI based on an origi-

nal chamber pressure of 500 psia. It can be seen Lhat the engine can be

3-125 R-5208
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thrott, led to some 20 percent of the nominal thrust with only a 2 percent

decrease in specific impulse.

Cutoff Impulse Deviation

2revious studies }lave show_ that cutoff impulse devza'tlon is proportional?

_o the thrust of the engine at cutoff. Engines operating at throttled

conditions would, tlmrefore, have a cutoff impulse deviation proportional

to tile thrust level at termilmtion.

l)uriI_g throttling, however, it is anticipated that the mixture ratio can-

not be controlled as closely as in the constant thrust engines. A mix-

_ure ratio variation of +3 percent was asslaned. This was asslnned to have

a proi)ortionate effect on thrust. Other tolerances were the same as those

in the cutoff impulse deviation study.

The cuboff impulse deviation for throttled engines is presented in

Fig. 5-_9 and 5-50 as a function of vatve closing time and thrust at

engine cutoff. Shaded areas on the figures represent propellant valve

closing _imes that are most likely to be encountered.

}_ESULTS

From a consideration of the effects of throttling an engine system per-

formance it was found that these effects are slight for engines operating

in _ v_lcuum. Specific impulse (thrust. chamber) is decreased some '2 per-

cent d,.lring 5 _o 1 throttling.
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f • q

Since cut, off impulse is proportional to thrust, an engine operating at a

throt_,led condition will have a correspondingly lower cutoff impulse

deviation.
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PROPULS 1ON SYSI'I/N DESCR.'. PI 10_

For tile space-vehicles four basle propulsion system configurations were

eonsideredo Thr, se are pr(_-_ented along with their engine operating param-

elers in [able 5-.11. [he pump fed engine specific'impulses have been

,reduced to account for gas generator flowrate These propulsion systems, i

!
were used in tile variou_ mission studies that were eonducled.

7ABIE 3-11

PIt0PUI.SI ON SYSTEM PARAMETERS

Propellant Feed Svs*ow
............. :_ .... 2....

L02/Ltt 2

L02,/Lt_ 2

MON,/MMH

tq0_:/blN_

Pump

Pressure

Pump

Pressure

P
C

5'.'10 psia

60 psia

500 psia

150 psia

o/f Is

5 : 1 428.8

5.5:1 _01

2.6:1 323._

2.6:1 320

These parantl.ters were determined from considerations discussed, in sec-

tion _5 The weights for these systems have been identified in two

categories: those which are propel!.ant dependent and those which are

thrust dependent. [able 5-!2 shows the weight breakdown.

._/

Some of the propelIant d.ependent weights are the same for all four sys:

tems. PropetIant and gas lines ducts and valves (not a part of the

engine system), inters_age struclure boattail, attach members, etc. have

been lumped into a miseeitaneous propellant, dependent term which is 1.5
"It" ql

percent of the usable propelianl weight. Unusable residual propellants

3-132 R-3208
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ar_ assumed to be l percent of 'he usab:e propellant. An additional 1

percent of the usable prop_l'an, is !ended as flight performance reserve,

to allow for variations in thrus'.and spec_ific impulse. As described in

the environmental study:, meteoroid _bieldiag can be provided by a 0.032-

in. aluminum sheet surrounding the er]tire stage. The weight of this

shield is proportional to the surface grea and is therefore proportional

to the propellant, weigh* t,o the 2/3 power. The environmental studies
• ,.7

indicate that t,he L02/L._ o. stages wi. _, require insulation to eliminate
.J

propellant loss due to bol!oefo 'be !_.,sula'ion selected is "Lxnde SI-/_. ''

This insulation thickuess was 5/h it_. for all L02/LH 2 stages for the

lunar mission and for the first stage of /he .Mars mission, For subsequent

stages of the .Mars vehicle, where.?o_g storage times were required, the

insulation thirkness wa_ ,,'-r_a,-d ,'j 5 i,. _he insulation weight is pro-

portional to _he propel _n" _,igtt tj -h_ 2/5 power since it is wrapped

around the ent ire t:an.k.

The weight of the tanks: pressurizi_.g _uhsyscem, and engine subsystem are

dependent on individual sys_._ d_,_ign. Fhe propellant tank weight

includes the tank skin pbJs ao ,_'r_a_p of 20 percent for the pump-fed

system and 10 .percent for *.he pre_sur_'..?ed ._ys_ems ¢o allow for skin

thickness variations and _elds. 'he thr,_s;, dependent weights are divided

into three parts: t hr_s_ rhamhor '.,rhoru_p: and miscde_laneous weights.

}

L02/LH2: Pump Fed

The tank confJgurat, ion for th_s sys'_, consists of a spherical LO 2 tank"

topped by a cylindrical hydrogen "ank wi'.h hp.mispherical ends. A common

bulkhead was not used between 'anks si,,ce _his would increase the heat

transfer between prope_lan.*_. "_o 'o__tk d e._lgn pressure for this system

3- _35 R-3208
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was H5 p,_ia and a 5 w'rcen! ull_lge was allowed in determining the tank

volume to propellant _,eight relationship. Igi_h this low tank press_2re

tile tauk will reach 1he minimum 'hickness of 0.032 in. when the propel-.

lant weight is below approxima_,,_!y 25:000 lb, The pressurizing subsystem

consisls of'a _ual heat exchanger, wi_h each propellant vaporized to

"'_pressurize its own tank. The engine weights for this system are in agree-

ment with an extrapolation of the J-'2 weights°

/

LOo/]_Jt,) : Pressure "Fed

]he propel tan_ tanks for this system are similar to those for the L02/LH 2

pump-fed system except that 'he tartk design pressure is 150 psia. A 5-

, percent ui!age space _s al!owed _,,) each _ank. The presshriking subsystem

consists of helium gas stored a_ Pi500 psia in fiberglass spheres. To

reduce the weight of ,he prope',lalt', tanks and the pressurization system a

mixture ratio of 5.5 to 1 was selected.

The low chatuber pressure of tbi_ sx'st_m results in a heavy, thrust cham-

ber, but lighter propel;ant tanks and pressurization subsystems.

M.O._i'M3_t] : Pure E Fed

The propel lant tanks for this system have a common bulkhead since there

ts no heat transfer problere, lhe fuel tank is cylindrical with a conical

bottom and an inverted hemispherical top which is also t,he bottom of the

oxidizer tank The cylindrical oxidizer tarLk has ta '_ hemispherical top.

The tank design pressure is 25 psia: and "_ percent ullage space was pro-

vided. The tanks are mtnimum thickness (0.052 in.) for most propellant

5-150 R-_20 8
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weights considered so the task _,gb* is proportional to the propellant

weight to the 2/:5 power. Tb_'pressuriza,lon subsystem considered is a

dual gas generator sys'_em. _be gas gen_rator to pressurize the fuel tank

operates fuel rich-while the gas generato_' to pressurize the oxidizer

tank operates oxidizer rich. :his ,brust chamber weighs slightly more

than the LO2/Ltt 2 chamber because of the more dense propellants which are

trapped in the chamber but the _urbopump is lighter because of the

reduced pumpLng head. required.

:7

MON/MHH: Pressure Fed.

The tank and pressuriz,ng sub,vs'_,-- for 'his storable pressure-fed sys-

tem are the samP a._ :be s'ora_ _ pu_) f_d _ys*em except that the tank

pressure is 225 psi_. S:,_,_ '|,_" _ ,,-_ a_,' density for this engine is

higher than for [02/L_2 'b_ ';_._k _=igbt will be lower, even though a

higher tank pressure and. chamber pressure are used. This higher chamber

pressure results in this eug],_e _Piog considerably lighter than the

LO2/LH 2 pressure fed. eag_ne.
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1_: _,dditi_r, t_ t_,e t_plcs diecissed ,bl.ch sig-aificartt.ly affect the pro-

pu'lsi,_r, syste.m there _re s_me s_cof_daty _spcts _hich should be con-

sidered Irapped propellartt:: use of a propellant u_ilization system,

....'_./_r_st vector cor, tloi reqa-_rvments, and acceleration loads al'l affect the

prop t, ls,'.)n svstem.desi_J :[_ese feat2res are discussed in the _fo_llow-

T_a2j_d P____X_o£ellant and Prope]2.aI_t

[ t t I i zat ioxl Systems

Jk_ p_,.vt,oee. =_f "_._s s_._.6y was .to i:_.,ves_.igate _he amount of propellant,

tt_a_, m_y be :r_pp_3 ,_: a sp_,._e :___,: i,_ _,ropc:ision system and indicate the

advi.sablittv ci c.s_r_g a propellar.! ut,:.l:.zat, io_ sys_.em. _rapped propel-

la_,t as ._L _s ,_.sed i_, t.bis study means tha+., propellant which is left un-

b,_._-rmd due" +o prema_9.re ex.h._tusx,_on of _t_e other propel lan_,. As such_

tt, e deflr,,t.;,)_, excludes res-___'_._t p-ropella_ts which are trapped in lines

az_d ef_g:,r,¢ _sed .;_n e:_:/,_::._ _:-_.r_ _,_d fli_bf performance reserves in

_,'hicr_ the system is de _-_.oe _-_:.e .-, ,_r_al_ited ;,)- prcx,ide a propellant

allowaz, ce for poss:_bl_: _pec_tic :mp,_lse va_:L_,±o_, _he _,rapped propel-

lant _,'ae e_:alaated using a st._,-__%i(-aJ analytical technique _:hereby an

")opt.lmi_n f xel O.as __s se:;ec'-,eJ v,...:_, mo_[:_zed the probability that _che

trapped prop_-t_a/_t, d_,÷e r,_ e._,eed _ _p_c_fied acceptable value. 'Ihe

effect of _t, lS Lr_.pped _,pe-':a_t ...r. the performance of a propulsion

system _,'a_ evaiuo.ted, a.t[d (6e de_ica'_i_;y of "asi_g a propellant utiliza-

tion system discussed. Ihe system considered uses liquid oxygen/liquid

hydrogen and is purely-fed.
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icmlys_.___ ]I_:.iwd pr:,p_5 .....' _' "-_- er.d (.I a mis_ile flight is a result

of {}) off m1_":,ire r:,t.-, ,cn, i.g ;:.(,d."_ de viaI._on from the expected

time-average ml,ctar-e r_.t,.) , _ ._, ,:_.,_: lqe off' mixt.ure ratio tanking is

due to inac(.i.r_..:.e_ in de_,--_ .{__ ':'_= ,{ a-'. of propellant that has

beer. _anked. De=;:,_.] :_ l(,m ,-_';..-_ .;me-average mixture ratio opera-

_ion can be al:_r:but.ed Tt, ti...t._<_,L¢.,:,..s _n I1.) propellant density, (2) pres-

s_re re_._.lat.o_ re. pee.;._._;.:l"_ _'_ ",_,_'Y:m(ntati_on and data reduction

acc_zra(e_, =nd _) m:.es__ ,_,..-'.r-_'i.._-r._'.vry, f

P..ropellant Weight _ariaii.on_. lbe ],_aded propellant weight variation could

be sabstan_ial con_ider:_,.__ • . p_,_,_'ants are loaded at. the launch site,

(_) bot_ propell_:,_e e_:-,- _ . ¢,,.. _ -.::d 3) propellants must be main-

rained in t_e _.._,_s o:.:.::..f __._:.. ,r,=: _- ,_:,.gtLy countdowns. Space missions,

however, witl _.e- , , _.( inai,"5 .... :.._,_ a_m c.onsiderably more care could

be exercised tn i.,_.d_ng tL.e p,.,pe':_._, Prom t_ese considerations, and

informatJ_'n _ccum_=_:n from _:- "-.,_L_',ng _.ccuracy of various missiles,

it was assumed _.'t._.t. pr:.p(-ll_:'., ..e ___-.- ee_'-m_es would be accurate to

1. percent. _k.ts was c.'.:=s d,.- ¢-_d be ._,, _ ¢F va; _.e.

Mi.:mtIre Rat.-",o V&r:.at:o.,',.. As_._ni;:_ :_:_ l_._ tluctua+.,ions leading 'to mix-

tare ratio vari.atfon ,.re :.z.._p_'.i,_" v r,)r_ :y distributed, it is pos-

sibl.e to arrive a. _, su._ d;.s"..,. ' :.: .:: _,'..rid the expected time average

mixt, uze ra_;-!.,,. 'It_- t::&, ,,_.! t ..._ ".:._ factors is discussed and the

standard dev[at,.Lon '_: (7" _ ,.._ . ,.., j°

"_ 13q
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Pr_ll_rt Der, s:.tL Z, i_. ,s asstmled that. in spite of the effec'ts of

erv,.r_._men_ and s_,..rag¢ _Lme ,._n :_.ese crycget_c propellants, densi!¥

car. be pt.ed(ct_d I.) :__ pevce_,._ !r_.rc_gh _._._e use of influence coef-

fie_e_.:_ ,_:e _te,._ _:t '_.ie v_t!a_i.:o _r. mi_:tu_e ratio was found to be

z2.6 percenl .

Pre-se.re Re_,'.a:,_r ".::e:_._ce lt_- pressure regulator tolerance was

,ts__,_._eo -: be -+5 perc_n_'cf tf.e t_'k operat:ng pressure. Ihis results

lrJ a.L,_t :_ ,5 ps_ _a_,_ticf, _f, Lv,_'_ (r,e _xidizer and fuel tanks.. Using

the ir,.fl,_ence coefftcieRts tt_e m_x'_._re ratio variation was found to be

±0°2 per,: ent

0

[nstriamenzattoa a_,.d D_r4 Re.:',_.(-:.._z_ ::_ccuracies. During the acceptance

_eot,_.vg :)._ o, prop=[eSoza s'ystem: da_..a regard!.ng performance are recorded,

reduced to s_.a_d_rd condLt.:.c,r,s ar, d tee engine accepted or rejected on

rh.e t_e._s of _.Lese s-:atie i:esi.s, kss'_ing the missile receiving any

p_op__c.n _ystem is ta_,aed '-,:_:z:ag :_fc, rmati::n gained during accep-

lar.ce tes._._:.'_i_.. _._e m-_k_5.r.e r_.t. m_y de_o.;e dae _o _nherent t.esttng in-

acftaIa(i_9: A mix:-'_c.re rat_._o varl_'..ion of ±0,5 pe_cen, t is ass_amed based

or,. cu_eni e___'?._e, accepts,nee p_:,grams and represents a 95 percent degree

of (_Jr_f;_ de:.qce

Miss;.e A_cel=-zg_lL._z.. h_s'..._o A_ .. m:e_ie accelerates and ascends, the

proF, tsl;_c_ .-vslem ,_.,e_r_a_ _= ':_.r_;_ __ _'._:+._.re ra_io_ flowrate e_.co) is
....... ;

constan_,ly cr,.angtt, g d:e t,o Otag v_g::_._.i_:._,s, i':,creased system pressures

a_.d decreased af_m,:,ap_:er_c pressures.
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During the preliminary design of a missile, estimates of all the above

parameters are made in accord with the best available state-of-the-art

information. These estimates are then fed into various optimization pro-
?

grams, and result in information such as acceleration, thrust, and specific

impulse as a function of time fromlau_ch; Once hardware is fabricated,

these estimates (i.e. component weight_, engine performance) are re-

vised %o the values realized during the development phase of the program.

One can see, then, that the accuracy of the output from the above mentioned

optimization programs is a function of development time.

The shape of the acceleration vs time curve is strongly a function of

takeoff thrust and takeoff missile gross weight. (It is insensitive to

the %_ajectory deviations considering reasonable perturbations aroundthe

optimum.)
#

The missile thrust and gross weigh t are asstnned to vary ±3 percent each,

resulting in a ±6 percent variation in acceleration. Use of the in-

fluence coefficients results in a mixture ratio variation (95 percent

confidence, 2 _ ) of ±0.3 percent.

Standard Deviation. The standard deviation is found from these individual
%e

deviatio*is as previously mentioned. This standard deviation was found

to be -+1.51 percent. These values are used in plotting the curve of

Fig. 5-51-

It should be noted that certain factors in addition to those mentioned

may have an effect on mixture ratio. These factors, (I) variation in

launching altitude, (2) tank dimensional tolerances, and (3) variation Ira _

propellant consumption prior to full thrust, were assumed negligible in

this preliminary study.
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The curve of Fig. 3-51 shows the probability of the trapped propellant

less than a certain value (Zo). It can be seen that there is a 99.9being

percent probability that tile trapped propellant will be less than 1.58 per-
f

cent.

Effect of Trapped Propellant on System Performance. The effects of

trapped propellant on plopulsion system performance are studied by con-

sidering the effect on the payload-to-gross weight ratio of a single

stage LOE/LH 2, pump-fed vehicle. For a given ideal velocity requirement

(AV) the payload-to-gross weight ratio can be evaluated as a function of

tile percent of trapped propell'ant. This in turn can be related to its

probability of occurrence through Fig. 3-51.

The results of these calculations are presented in Fig. 3-52 for 1.58

percent trapped propellant which corresponds to 99.9 percent probability.

IC can be seen that for low velocity requirements the trapped propellant

has slight effect on the payload. For higher velocity requirements the

effect is more pronounced.

°)

Propellant Utilization System Considerations. The effect of a propellant

utilization system should now be considered. Basically, a propellant

utilization system can be expected to decrease the variance of mixture

ratio. A propellant utilization system, then, tends to compress the mix-

ture ratio distribution.

)-1_3 R-5208
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_y propella_.,t ,_.,]l_2atJ,J._. s}_*em v_lt "..re certain disadvantages.

are liated be]:_w
o°

.2_

These

3_

_.t_e propel_a_,t ul:._,.za'..l,m, system will consist of certain

control and _.enaing components. [he weight of these compo-

Len'S m:_ _. 're s.:tetr_._ _5 fr m ,,_e payload advantage of a

mi._ie e_ge "-" _, _:_W ',_,L_I :,t'.._2za_,ion system to obtain

i,=:- ,;r'ce I_) . :.,e,d ,.d,..:.a_: '_g ....

Reliability

&. Bet.a_.se f ,r,v _.Od_d ,.m_'exitv of a propellant utilization

a__._ '-_ ,_,._ .... , " _ :_,_° _t.y of an engine w.ith a propel-

" ,_,.,:.._._-, .. z_'. ,, ,:__ ," b.e lower z_han that of an en-

g ._:e -_: :. :., ,. _ l. _ _ _:.' ..t,:, _z_.t'_:a system.

Development lime a_d t,,st

a. :The (¢,s+. _ _ p_,._.pei.__,::, o.t.'_iizeot, ion system can be a

s:gn£t:_cmzt, ,.do' : .r.. r._ t"_.e Las;c engine development

6081, ..

One additional difflcul_y _%,_cb co_'.d cunslderab]y complicate develop-

merit cf a pr.opell_ct u.,,;[.,._st,;-',_:system is the low density and cryogenic

nat,_).re of ,.,he_ydr,_gen fa-.e .. r.,_ ,. "._,.q_e:,! ',._ck of a well-defined

liquid axrface and ,_[.e _m_] ._ ['-'-_e.._-. a':.'_,-re_,.ces existing in the fuel

tank r_i.s.e dodb_,s _bo_, dc...,__,,",,_-, :C ucc:'_acy _it,h any tank sensing

devices. A t_._w .lr.t._r_',_.._. _.ve_,_m ,.. d _ao he s:_bject to large fuel

density variations duri.ng a miss" _.,
_..

-_ _5 R-3208
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From consideration of tile complexities of a propell'ant utilization system

and the deleterious effect,s of trapped propellants the following general

remarks can be made: (1) for low energy (low AV) missions where the

effect,s of t, rapped propellant, are no!, significant a propellant utilization

system would not be warranted_ and (2) in.high energy missions a propel-

_tnt, utilizat, ion system can be used to good advantage.

Thrust Vet, lot ConLrol

A preliminary review has been made el the thrust vector control require-

ments [or space st,age pl_c,h, yaw. and .ro].l axis orientation. Requirements

for thrust veer,or control will _esult from thxee principle sources:

l. ]:hrust vector (.ont, ro£ _o _._ fez, i, for engine (and vehicle)

m]sal i gnmen t

2, [hrust vec_,or _ontrol t,o correctly reorient the space stage

after separation, assuming a t, orque existed at separation from

a nonuniform (unsymmetrical) previous st, age shutdown

5° Thrust vector cent, tel to maLntaln the correct, vehicle attitude

dor_ng space stage eperation

Basic analvses have been reviewed from present, ly available data to indi-

"at, e possible requirements. In regard to tile vehicle center of gravity

location., mass moment of inPgrt_laa, and weight,_ the values used In the cal-

culations are based on assumed design 6riteria bhat may differ from any.

final space st, age design. However, the thrust vector control results

obt, ained will _ndicate trends in the requirements.

3-1 h{_ R-3208
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. )

I-ne diff_.c-=._._ p_::__.em _t_', _.÷_ _ _!=_cT_:_g *___rast vector control re-

q_iremen_ _ 1,_,em_.r_i_, of _-_ J_-P.g£ or m_rgin of safety that shauld

be added,, Re'y_ewi_g past e_g:,__ _.g_s both booster-and upper-stage

system_) it can _e e_:._ from tcs- _:::_._ data *.hat the actual engine

gLmbaling is m_:ch :ess _au. t__em_. m_m toy. W_ich _he engine isdesigned.

While booster emff _p_r ot_e • __:,_ _-" _'gn gimbal angles of ap-

_ • _ ",° _ find an actual gimbalpr'o_:imate.y 5 t_ _0 de#. _, _ ,-,=.,_ __... .... _. ,.o

a_g-_e in i_:_.¢___ _pp:-_.::_:..g _. m_,._'___ _:_- f ' de_..

_he crigi_al design bas_s for _._e_.._r a_d upper stage.engines is

us's._iiy _ slm-=_:_ed _1.ignt _e, :.:_'_ ÷i;,:_ _ m_ximum wind profile.

As a res_]_. .::r_.e:::, veb._c"=_e _.,,e :_.._. _ J_::", _ested during severe winds, the

targe gim_i. _::._._ _:: _.,'.= _--_..:, _, /.: ._.:. _pper. stage engine which

functlc_:s c.:__si_e _,'ae Ear_.:,: e ='_z _._=e.:v:: _he req"_ired gimbal angle

from a sJm_at.ec tr=.ject_:) _. ._:-:_-:.:,, ;=e preprogr_amed vehicle attitude

is very smatlo Vr_;.e mar_,n of :;:erde_:_x required for maximum wind loading

in a Cooster s_ge er._::.ne is :.:'. r:_.." _ed ': s:cb upper-stage engines.

_hus r_ c_._c ',,.t:":'._ ;,!__. _..-:"-;_='z _,_:':_:=_,*.ed regarding thrust vector

coz_:_:_l _eq,_krem_-_,_,s m,._ : .... •..... _.'_d '.c *'" :: _ight that a large margin

o_ sa.feT, y h_s '__.e_/3:t/,.c_ :_,_ _,_-: ;' _d ._n .p_,s,*, engine specifications.

• T_hhru.s!_, _ect._.r Req_.i. re_._.:_f_fl_r_:_L_e:::'.,, /kmgu:kar or ]ateral engine

tbrust vect/_ m:.sa...'_.,_e_ __'i:. ,e_,,t, _'. .*._.._.ve_eicle cen_br of gravity

_,'i]l ca_.se _ i,o_q_e a_:.,_,, f,:e ,,.'.. _:_ _':.';_ _ . f grav-tyo Based on pre-

vio'_s eng_._ m_:_fa_'_..r;_._"r,_e..<--_ _e _g:ne i;hr_st vector misalign-

ment should r:ot Le g._e_'._r f_.: C'._I '_-...._,.,eral_ and +-0,_ deg angular.

5.q" R-3208
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The- *,a.nl,. 4,,'.:._ s't_-:.:re _,_v c, av¢ a. i_t,::¢_.l ._enter of grav_ty misalignment

res-:i'.:ng trcm *,_,:;t, _i;.|a(t;riLg :,..;;_/_nces_ L&Izl_ bending, or un-

symme{,tic_li_; :a,t*.a.c'_.=.ea c,:.mF_o_.e_x'.s A _oncircalar, nonsymmetrical tank

sr.a.pe _,._t. _s a pt-_.r-sr,._e (,o_.- secti,:,n), w_nere the lateral center of

glavit- Z wo_ald not, be Xn £ke predicted lpngitudinal axis, may be used.

[_:-¢_ss:..._ns _;r,h _ce _eh__.cl _ contractor personnel involved in Lank

de. si_.,_ t.r n :"_r.el_' of pr_s_Lt,._ operae, i:ag ]_.l.ge veb.tcles, have in-

d , a_ed £:,-. .ma.._ ate .).- mi_al:.gk_me.-.t _l_).es occarring from tar&

as_mme".r_ _-re .c._:_':_. i_., . .... _ .' e:.g..:.:- __im_l r-:T:ireme_.ts• Nonsymmetrically

:c'.,tt.ed compor.ents co, ase a _e._.vla_ center-of-gravity shif.t as the propel-

].az_,. __s c,)._s:amed ll:Js _n,.lvs_s hus ass:2med that symmetrical component

pl,_('¢mer_,r, can ex:ist aL.d :,r:_.t, the veh; (le t_.nk lat.eral mi.salignment due

t,,: (,._._, ' ¢, ,.._.r _.... ._: :: .-:- g. :.._,, t'v,:_ ±O.Z5 in.

t, ',... ..; -_2_d .. _... M ;____._" _r,,_e"' .._'_, ('f the main r,brust chamber Chzaxst

x. ect..r _:_,! pruO.:_,e a lat.-_el torqc.e aL,:,,zi to_ veb..icle center of gravity

xn. ei_,r_er ::_ _;_.ch (:i" __.w a_:i._ cr o, (:m_/_a',..i(n of t):,t.h,.

For o, _e;.;c,v. cJ_.s:d¢-_ed .,m_._ ,.".::_q _,,_"._8,_ 000-.ib-,,r,r-o.st. eng_r,e, a

g'Za.F,_.ic._[ p:ese:_v,_,ti_n or' t.Le ups_-t:,irg _:;:q':.e _for tke b_rnoat condi-

*:.to_ __".cr is *t-. _.:,re:, res:.[:,: : ar,)m a, :._,:_ge __I 'ateral alzd angular

.u'_iigtzmear_-,r._ ,.rm: -_._-_ -' 5 55 , _ ,r ,_._ to_l assumed

_isa! :gra_e_.._ t.:.e :;Fse- _.-; _" _. _-._ eel..' _ '.r:g _'o,_id 'oe approximately

50 000 _b f'(

'!a]u Jpset_ing t)rqs.e ",'..,;d rt_ii._ce correction eltcer from an auxiliary

at, t,;'.,_.,de c_,_,tr_, s:_st_em. :r _:mb_.,::__.g tr_e ma, i.n er,.gine so the upsetting

t.3rq:e ,s :n_t p:,:d-.cea A m_.,._:Lm:m e;g,_,.e g__mOal angle at 0,65 deg would

be: req,_ ..t ed
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Roll. A lateral misalignment in combinat, ion with an angular misalign-

ment (or engine gimbaling) will produce a roll torque, ltowever, this

resultant roll torque is low. Nith the above mentioned vehicle and angular

misalignment values the roll torque produced is ]0 lb ftifor a lateral

misaligmnent of 0.5 in. and an engine gimbal angle of 5 deg the roll

prque produced is 185 lb ft.

Torque From Previous Stage Shutdown. The _rahsition conditions in an

.engine shutdown produce a cutoff impulse which may have a variation. " In

a vehicle stage which has a multiple engine system, the variation in

cutoff impulse between tile engines will produce a torque in either the

pitch or yaw axis, or a combination of both. Ttlis torque wil:l produce a

vehicle angular rate which will be inherited by the following stage

after separation. Thus a control torque in the following stage is nec-

essary after separation to correctly reorient the vehicle attitude.

An .analysis was conducted based on a preceding stage with four J-2 engines.

A statistical analysis of the torque impulse imparted to a space vehicle

at second-stage shutdown indicates that for assumed standard misalign-

merits and cutoff impulse deviations of each" of the four 20(),O()O-lb-thrust

J-2 engines, there is a 99.7 percent probabilit,y that the cutoff torque

impulse would be not greater than 117,000 lb ft-sec in any direct, ion.

.!his tOr(lue :impulse would impart an angular pi_ch rate less than I deg/'sec

to tim ut)per stage during separation." If the J-2 engine thrust vectors

can be gimbaled to within a radius of 0.3 ft of the vehicle center of

gravity at shutdown, the resulting Cutoff torque impulse could be cut do_11

to 26,750 lb ft,-sec (corresponding to a 99.7 IJercel It probability level).

Phis lat, Ler torque impulse would impart an angular pi_(:h rate less than

0.2 deg/sec t,o a space _t, age.

5- [5[) R-5208
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Thrust. Vect, or Cont.rol During S__ac,2-Stage Powered Flight. Examination and

reduction of da.ta formulated in s_mula+.ed trajectories for the space

st.age, initiating prior t.o an Fa.rt.h orbit, and providing powered flight

for a lunar mission, have _nd cared _mall requirements for pitch and

yaw thrust vector control. Providing _he correct orientation is

established, an engine start;up (b_ the attitude control system) 0.1 to

0.2 deg gtmbal angle i.s adequato Tbe yaw requiremen4s inherently will

be l_.ss than pt,.ch requJremen,s since a programmed vehicle pi_ch

at, t.ltude ts required, and 'be on.Iv vaw requ]remen_ is that a constant

yaw attitude be maintained.

The vehicle attitude during an Eartb escape-phase operation does not

great.ly effect t.he mission perf_rmanc.e h vehicle orientation of '

approxfmat, ely ±l.O deg from the n,)m,,,._[ (opt+mum) case throughout the

s£mulat, ed flight resul,ed i.n a payload reduct.ton of less than approxi-

mately 0o3 percent, Thus higb resp,m,e rales for _hrust vector control

do not, appear to be necessary from a flight control standpoint.

/

Results_ These analyses indlc._.w,- ,.bat 'brust, vector corrective torque

requirements for a space st ag_ w,ll resul, pr_marily%l_om engine and

vehicle thrus_ vector misaltgnment A timbal angle of 1 to 2 deg should

be adequate, toter,her with an au"_liarv r_ll control system if a single

main engine is employed Eng=ae g.mbal requ,rements for a landing

stage must. be analyzed w_+.h a stsge d_gu layout so the vehicle dynamics

canoe considered: the size, c_nf'gvra, on, and center-of-gravity location

are prime factors. For a lunar _r planetary takeoff stage, atmospheric

_51 R-5208



/,

I

,_ I¸

winds musl also be considered [towe_er for lunar takeoff and landing,

where lit.tie avmosphe_e exists, ievlew of current. Earth boost.er vehicles

{.5 to 8 drg with mar'gin of saf,-_v) indicat.es thai this magnttude should

be feasible fat a luna.l engine sv_t.em from bot,h a trajectory control

and engine design st,andpotnt

l..a,, ral and Axial hcr_-lera.t.,)n Loads

A levt_.w of possible space engine design loads has been conduct.ed to

indicate euglne svst.em requirements. :[he loading condit, ions may be

divided lulo t.wo cotegorle÷ (l) t_bose occurring during induced

booster opelalzot), and (2) ,hose orcurrzng during space stage operation.

A'(ial load_ng _esuit.u from t.he v_hlcle acceleration necessary to achieve

t.he ve[oclt.v tt, qutred for the mlssivn Lateral load.lng occurs during

boost pha__e f_om_wlnd loadln_ or glmbaling of the boost st.age engines

t.o provide a vehicle-corrective torque Durzng space stage operatton,

lateral l(,adlng result_ primar=lv from engine g_mbaltng or possible

a] ternat.e thrust vect,or co_)_rol ,,v,,lems

Ax_a.l Loads "[be a.x_al 1 ,_.d,_ wh,._h c,)old tes,:lt dn_ng boost phase

operatton are tabula*.ed _n _a.hle 3-q As presented, a two-stage Saturn

"ut.em could result in thrust, to-we:gh! ratio,_ up t,o 10 for t.he Earth

orb_t, estab!tr!,sh_n_ m_ssion This high value results because the low

propellant we_gh_ boos_ar d_s_gn requ_res a h_gh second-stage mass ratio

and thus the high burnou* a.cceleratton The _ova vehicles, based, on

a more opt._mum staging arrangement, are shown _.o achteve somewhat lower

load.ing cond_ t._ons

- 1._2 f{-52o8
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TABLE 3-9

BOOST PHASE AXIAL .LOADS

Saturn

Two-stage to orbit

Three-stage to orbit

Nova

Two-stage to orbit

Axial Load, g

9 to 10

_t to 5

5 to 6.5

The space stage operation results in relatively-low actual loads.

Figure 3_h presents the burnout thrust-to-weight ratio which will

result for a space stage. Because most space stages will be designed

with initial thrust-to-weight ratios between 0.5 and 1.5, and for

stage velocit,y incren_nts between 10,O00 and 15,000 fps, axial thrust-

to-weight ratios less tha_ can be expected.

i'

Lateral Loads. I,ateral loads on Cbe space engine system will be

induced during boost, phase and space-powered operational phases. Review

of the lateral loads which could be induced for a space-stage engine

atop the Saturn vehicle indicate a maximum ia_eral load of 2.7 g result-

ing from mayimum engine gimbaling at, boost phase propellant, burnout

(This results in the maximum angular acceleration of the vehicle). How-

ever, t,his col,lition is t}r)t realistic. Reviewing that maximum gimbal

requiremen(s occur aL the ,_ime of mltximum dynamic pressure in t,he Llajec-

_ory, a lateral accelerat_ion of 0.25 for the space engine would result.

5-t55 it -5208
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During space stage opera_,_on: t,he low t,hrus()-to-weight ratios involved

and the small requirement for a g!mba! angle for thrust vector control

indicate that very low values of lateral acceleration would result in

the engine system. For a spac, e veh:_::ie design having a thrust-to-weight

ratio of approximately 1o in an Eart.h __::5_i:. escape trajectory, consider-

ing a possible engine gimbaling of 5 deg_ a lateral loading of less than

0.2 g resulted.

Conclusions. Reviewing "_he ax_al loads ,n a space engine during boost,

together with the design spe¢_tfications for current booster stage engines

in Table 3-10_ indicates that the" space engine s_age should be designed

to withstand a maximum axial load du_-:ing bo,st phase of 8 g. During

space stage opera_i.on a des:gn fc._- axtai loading during booster phase

will be adequa_,e.

_[ABLE 3--.10

/

H-1

F-1

J-2

CUI_T ENGINE DESIGN LOADS

"_k.

g wLt,b l g la_,e_al; up _o 8 g with 0.5 g

lateral

9 g with I g la_,e._ai; up to 15 g with 0.5 g

lateral

I0 g w?_,b i g lai,erai; (_ g any direction

ground handling}
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?

Lateral loads of 0.5 g should be adequate for booster or space-stage

cvndilions Handl_n_ loads would result in higher values for the

_lat, eraL load apeclflca, t Lon" a ha.ndlang specification identical to the

J-2 criteria. 4 _ in any direction for ground handling, appears

_dequat, e for a space engine design.
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MARS ORBIT MISS I0N

)

PHASE I MISSION/VI,RIICLE SELECTION

During the first phase of the NASA contract, several mission/vehicle

combinations were considered. For these vehicle/mission combinations

general propulsion system requirements were described for performing

the various maneuvers of the missions. After review of the first phase,

a Mars orhi_ establishment mission was selected as one of the three

missions for study in the second phase. The vehicle selected was the

Nova H-6. This vehicle is capable of placing 35_,000 Ib of payload

in a 300 n mi Earth circular orbit. Assuming this payload to be the

initial gross weight of a space vehicle, combinations of maneuvers and

propulsion systems have been investigated for establishing a Mars

orbit.

MISSION MANENJVER ALTERNATIVES

Figure 3-5_A shows various combinations of maneuvers available for per-

forming the Mars orbit establishment mission. Wherever various alterna-

tives were available, reco_endations based upon analysis in Phase 2

hav_e_ shown by shaded areas. A brief summary of the recommended

maneuvers follows.

Earth Departure

A departure from an Earth orbit has been selected over direct departure

from the Earth's surface. The advantage of this maneuver (discussed in

section tlI of Phase 1) is a relaxation o'f the stringent spatial alignment
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constraint between the Earth launch position and Mars. The increased

degree of freedom obtaxned when the vehicle s_arts an interplanetary

transfer from an orbit reduces the propulsion requirements and thus

permits an expansion of the launch period interval. Leaving an Earth

orbit, two options exist for performing the plane change associated with

the majority of interplanetary transfers°

The vehicle may depart from a 28-l/2 deg Earth orbita_ plane as estab-

lished by an Atlantic Missile Range launch without changing geocentric

planes during tile departure maneuver° Excluding extremely special cases,

a heliocentric plane change would then be necessary some time after

launch before intercepting Mars° ]he space vehicle could depart the Earth

orbit and change heliocentric planes during the same propulsion phase by

using a component of thrust normal to the geocentric plane.

A better technique for performing a Mars mission would be to depart the

geocentric orbit and change heliocentric planes (as'described in the

first phase of the study) with a planar propulsion maneuver. A geocentric

orbit can be established by the Earth booster vehicle such that the geo-

centric escape propulsion phase can be accomplished with a planar (geocen-

tric) powered trajectory. The thrhs_ vector is always in the plane defined

by the radius and velocity vectors during a planar propulsion maneuver. %_;.

is recognized that for this method of escape from the Earth, the geocentric

orbit must be controlled and d geocentric orbital plane inclination estab-

lished which is suitable for this recommended escape maneuver. Establish-

ing a geocentric orbit which is inclined at some angle other than 28-1/2

deg to the equatorial-plane will place a greater requirement upon the boost

phase of the Nova H:6. In considering the Mars mission starting from an

Earth orbit, the techniques of establishing the correct geocentric inclina-

tion have been omitted°
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Escape from the Earth orbit with a geocentric planar trajectory can be

performed by a variety of thrust programs. A tangential thrust pro-

gram (thrust parallel to velocity) is _eco,mmended for this Earth orbit

departure phase. Near optimu_n performance is obtained using this thrust

program. Additionally, the thrust level of the propulsion system has

"_een assumed as constant. In Phase I of the study, a 150,O00-1b-thrust

propulsion system was reconunended for powering the first stage of a

space vehicle of 35_',000 ib gross weight.

Mid-Course Correction

After the Earth escape heliocentric plane change propulsion maneuver,

the next propulsion requirement (neglecting attitude control) is for

midcourse corrections. The cutoff impulse deviations of the constant

thrust engine of the first stage(the Earth departure stage) add to the

errors in position and velocity measurements by the guidance and control

equipment, and introduce errors in the resultant heliocentric trajectory

at burnout. To compensate and correct for these errors at burnout, some

midco_rse propulsion is necessary. To modify the trajectory sufficient

measuremeff_'_ust be acquired to ascertain the magnitude of the devia-

tion from the standard trajectory.

_ncremental midcourse correction (applied in as few as two increments)

is recommended to permit sufficient time to elapse between corrections

to obtain trajectory errors.. One correction is applied shortly after

launch; a second, some time shbrtly prior.to entering the Mars sphere

of influence. The alternative to incremental corrections is a con-

tinuously applied correction maneuver. A continuous midcourse correc-

tion system would require an extremely low thrust engine such as an ion

-_,''
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t x

propulsion system, with its large power supply weight; or a cold gab

system of low performance which would require a relatively large ex-"

penditure of propellants. Therefore, an incremental midcourse correc-

tion maneuver offers greater advantages in payloads (unless a power

supply adequate_for an ion system is an intrinsic part of the payload).
)

_4ars Orbit Establishment

_ 3¸

Arriving in the vlc_nity of Hars, the vehicle has hyperbolic velocity

with respect to a Hartian coordinate system. Unlen some propulsion is

applied to reduce the velocity of the vehicle, it will follow a hyper-

bolic path past Hars and continue into space. A retrothrust system is

required to reduce this velocity. The retrothrust propulsion system can

change the hyperbolic approach trajectory directly into the selected

Hare orbit.

/

For direct establishment of the final orbit, the entry corridor influences

the propulsion requirements. For idea_ntry corridor conditions, i.e.,

assuming that the asymptotic approach distance has been matched to the

hyperbolic approach velocity by the midcourse correction propulsions

phases; and that the exact altitude for initiating retrothrust has been

determined, the second stage of the space vehicle can enter the final

orbit with a minimum expenditure of propellant. If these _onditions are

not satisfied, the propellant requirements increase for changing the

trajectory from the hyperbola to a final orbit•

Since the hyperbolic approach velocity varies with the launch date, it

is recommended that an intermediate orbit be established which later can

be modified into the final orbit. Establishing this intermediate orbit
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allows greater flex[blllty _n the re%rothrust program for £he mission.

Since an inte rmedlate orU1_ is being establlshed, a constant thrust propul-

slon system would satisfy the requirements of this maneuver. The devia-

tions in eng,ne operation characteristics would only alter the _ntermediate

orbit. Again_ a tangentlal thrust orientation program of thrust opposing

veloc,ty at all tlmes wo_Id be employed:

After the second stage retrothrust system has effecte_ capture into an

lntex_edlate orbit, su.fflclent time ex, sts for guidance and control

systems to measure precisely the orbit and to de.termine the necessary

corrections to establish ti{e final orbit. From this intermediate orbit,

the vehicle could possibly compute its own correction, or relay informa-

tion 1o the Earth for the vast computer facilities based dn the Earth to

deCel_aine tile lntet_nedlate o[bital elements The necessary information

could be sent back to "the satellite for applying the propulsion phases

for establishing the final orbit.

For establishing _he final orbit a variable thrust engine may be used to

minimize the effect oI cutoff deviations and thus more precisely control

the final orbit. An alternative and the recommended method would use
.

one of the second stage constant, thrust, propu)'sion engines (assuming

:that it could be restarted) for establishing the final orbit, and then

some much smaller engine for orbit trimming.

Parallel staging could possibly be used with the latter concept to

effect a gain in payload. ]his staging technique was not included in

the analysis performed in Phase 2.
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/ . •

If tile liquid oxygen/liquid hydrogen propulsion system used for the

intermediate orbit establishment could not be restarted, it would be

necessary to use another stage engine system for establishing the final

orbit.

The broad categories for establishing a Mars.orbit have been defined in

a preceding paragraph and the recommendations for performing these

maneuvers have been cited. The recommendations are as shown in Fig. 5-ShA

by shaded areas.

EARTlt ORBIT DEPARTURE

5

The 196_ period of launch dates was chosen for study in Phase 2. From

Phase 1 of the study, during the 1960 launch period for a Mars space

vehicle, a 200 day transfer time was shown to have approximately the

minimum energy requirements (Fig. 2-79 , Section III). For the 196_

launch period analysis, variations of ±20 days in trip times about the

nominal 200 day transfer time were assumed.

Figure 5-55 presents the Earth hyperboli$ excess velocity of the Mars

bound vehicle as a function of the launch date_@hring the 196_ period.

Curves are plotted for the nominal 200 day transfer and for 180 and

220 day transfers. Similar graphs were shown in SectionlII for a launch

during the 1960 period. For comparison purposes, similar curves have

been generated for the launch period which occurs in 1966 to 1967 range

of dates. These are represented in Fig. 3-56 From Fig. 3-5_ for

the 196_ launch period, a 220 day transfer time requires less energy

for Earth departure than for the 200 day transfer time. However, for

the 1966 to 1967 group of launch dates, the 200 day transfer time
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requires less energy than the 220 day transfer time. From reference

sources, data are available to show how the transfer times, correspond-

ing to minimum energy expenditure, vary on either side of a 200 day

transfer time accarding to the year of launch (Fig. 5-5"_ ). Therefore,

the 200 day trip has been selected as the nominal case to permit a

vehicle configuration to be used during each laud'ch period without

'_xtreme performance penalties.

Corresponding to the graphs for the Earth departure phase, Fig. 5-58

and 5-50 present the hyperbolic arrival velocity at the planet Mars.

These curves are plotted as functions of the Earth launch date. Tl_e

velocities represent the vehicles hyperbolic approach at Mars after the

elapse of the indicated transfer time, The hyperb01ic arrival velocities

a% Mars and the hyperbolic departure velocities at Earth during the 196_

optimum period do not reach minimums simultaneously. Trade-off studies

were conducted to determine the launch date within the period to give

maximtun over-all vehicle performance.

In the first phase of the study, nomographs were presented as a tool for

the analysis of vehicles performing interplanetary missions. Nomogra_

constructed for Earth, Mars and Venus, had specific impulse ranges be-

tween 200 and 800 sec. In the second phase, for designing a specific

w_hicle a more detailed analysis of the influence of [ was required fors

:_etter definition of payloads. Therefore, for Mars and Earth, nomographs

have been constructed expanding the region of specific impulses between

500 and _O sec. Any vehicle launched in the immediate future (%he years

considered in the study: 195h and 1967) probably will have propellant

combinations giving specific impulses somewhere in this range.

Br,,akwell, J. V., et al, "Hyperbolic Excess Speeds for Trips to Mars,
Astronautical Sciences Iteview, April/June, 1961.

Breakwell, J. V., et al, "Researchs in Interplanetary Transfer,
Journal-of The ._nerican Rocket Society, 95_-59.
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A. secon_ stage, or the Mars orbit establishment stage, design for

storable propellants will have an I in the 300 category; a high-s

energy liquid oxygen/liquid hydrogen system employed in the second

stage will haveaspecific impulse in the _20 range. Thus, these new

nomographs should cover any propellant combination anticipated for a

Mars orbit establisb.ment mission over the. next deca*de." These new

Jmogral_hs are shown in Fig 3-60 and 5-01 . ++

p+

Throughout the analysis of this mission a first and second stage pro-

pellant fraction (_p) of 0.915_will be used for this nominal vehicle

of .554,000 lb gross weight. Later, vehicle performance wi'th the assumed

)_ will be compared with results obtained using a preliminary design
P

stag_ weight, as determined in the second phase of this study. For a

study of relativistic vehicle/propulsion system performance it is

valid to use an assumed propellant fraction.

"For the recommended Earth departure maneuver using the planar powered

trajectory, the initial gross weight of the second stage is shown in

Fig. 5-62 as a function of the launch date and in Fig. 3-63 as a

function of Mars hyperbolic arrival velocity. The second stage gross

weight is shown for a first stage specific impulse of _20 sec (character-

istic of liquid oxygen/liquid hydrogen systems). For comparison, the

gross weight of the _5ond stage has been shown for a first stage de-

+ ;ering a specific imImlse of _00 sec. A noticeable decrease in the

second stage gross weight is shown for the loss of 20 sec specific

impulse in the first stage.

Q
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O

HIDCOL']_SE COILRECTiON

Space Transfer Propulsion Phase

The next phase of propulsion required, after the vehicle has escaped the

Earth orbit and is travelling in its heliocentric transfer trajectory

is, midcourse correction. The time delay between launch and the applica-

tion of the midcourse correction velocity increment influences the size

of the velocity increment. There.is a trade-off however, between the
.,7

delay time when the velocity increment is applied and the merit of the

results of the correction. If the correction increment is applied

immediately after launch the velocity increment will be small, depend-

ing, of course, on the size of the burnout error. If the correction

is. applied later in the trajectory, when more information is available

to more accurately ascertain the magnitude of the difference between

the actual trajectory and in intercept trajectory, a larger velocity

increment is necessary.

Errors in the magnitude of the injection heliocentric velocity vector

and errors in the heliocentric elevation angle at injection have been

examined for their influence upon the size of a midcourse correction

applied shortly after departing the Earth orbit. This midcourse cor-

rection is the first of two recomended midcourse corrections. The

second correction is applied shortly prior to entering the Mars

sphere of influence to correct for any perturbing effects upon the ve-

hicle during its coast trajectory to the vicinity of Mars. In addi-

tion, a second correction nullifies any errors in applying the first

midcourse correction.
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_:>r _.n e_am_na, :,Jr_ : f midcc_e ,'._rrecti.6s a simplitying assumption

wi!] b.e me, t_, 0:.__ pe.,,':-.m_=,-_ _,,_ _. *.me _"!i be evaluated for effects

of errors. A' *.:.e t :s" m_).:,.,.rP_ ,:,rr_=ct:_,n Fig. 3-64 relates the

reqJ:re.d ,._loc 'v ;,(reme:;" a,_ a f:J_:_:cn of t.he percent, error in "the

ma._oL*,Jdo or F:ar'_h bVper_..-:!_c e_.(ess ,eilo_:_ty. ]o show the dependency

be'wean de_.Ay t:me cf *:,his mJdcotzrse .ocrreetion, parametric varl.at].ons

D 30 h0 eL'd 50 dave) .f_ _t '_ de le.v 1me ba_._ been analyzed. For

.... h_:-, (._._ [-.et,e:_' .r. "_* _..-_e:[ ,i:, e:_'._:S,_ velocity magni-

";.a_ _.,.d _. ,_'_-l_,_ ,.-_me f ..p _. _0 d_.,_ __ m_._:Lm_m ccrr-ect_on velocity

ln_)_me_;r _s _pp:_-ma,,ely tO0 l: _ee _r _.e uomina] vehicle, the

0.5 percen'_ de,:J_"-:cn reptesen_s a _ar[,_tlor_ of about 66,800 lb-sec

,t, t,.,*,_! _mt,,_,se l,..r _ _,0 _,c_m'_,_r _90_ Earth :,rbJt departure date.

t _

Atter ,_0:1_.._ =, _.:: :, .::; _ .m= ._:_... -_ ,.,.,_ elapsed /c:r me_saremenCs

ro t,e m_.de <. 'a e.t- z:_,: ,_,._ i':_.. _.e oet_t, eez,.r._-:c _.rajectory_ From

F'_e. 3-6_ t: r _..-o d-d: de ,.o,_ t.;.me _,ez,_'eer _'.._nch a;,d midcourse cor.-

rec-._.or_ _.:, err'..:" cf _'t,,_,_, 0 _ p.,r_:::*. :Jn t.ke hyper.bc_]ic excess velocity

maga2tade could be *.o;era,_ed for the ;.00 t_. per se c correction velocity

_.ncreme_t. c_pab_liiy Ag-,_::: ".=.-:s ,.'_ :.c_t-y increme.nt assumes no error

exlsr.ed _t _u_'z.,_r, -- r,._ e::-,." '_,, ,t.-g.e of _ae -ve_ciXy vector.

Addle)lot_ally it. ass,_mes r,o _c., .r _isteo in. ILe inclxnation of the

resiltan_ Lel-'_..cer_llic _.t_.,:.efer I:o.-,i( fr,_',m Lr_e _ateaded heliocentric

transfer pi_.ze,

• g,te 3--65 a" .-_. "."e mzfl'- :. e__ :.':r._- ",c::.te'i ;c:_tv ir.,.ctements required

_,r- _rrors _.:_ t t:e _2: _ -::.:: _,- _._'::,: e_-ev_:_r_, ea_gleo Again, curves

are plot"..ed for 20, "_0, a:-J _0 in?.._,_.-.v _mea t_ show the erreel, of

t:bta_r_2ng m,..re _.ct','_.-:.- __:_tai_ .,a _.e I-_.o--!_y .in larger velocity require-

men,.So (o_:s!._e,.:._g *,ce d-l_;c t.i.me _,f 20 d_vs ard a 1 percent, error an

tt.e ele_'a)..,-o az.-_.e arpro_.,ma-: -, 50 f' per ._ec L_ _,II be re.q_iredo

in ac,_.alzt_: e)r._r_ ..,:: _-_ _ -.' "c::_. _" :r, "__(- ne;'.ocentr:c elev_.*_.ion
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angle; in the magnitude of velocity vecVor; in the angular position

of the vehicle; and in the inclination of the orbita_ plane. Therefore,

the first midcourse correction increment will be a resultant of a

combination of errors in each of these quantities. For a delay time

of 20 days, the mideourse correction can be determined from Earth-

based'computer facilities. The actual magnitude of the midcourse cor-

rection at this first correction should be less than 100 ft/sec, assu_-

ing reasonable burnout control of the Earth orbit departure phase. The

second midcourse correction will be applied near the vicinity of Mars,

if required.

Entry. Corridor Correction Phase

w

To gain some information about the magnitude of the second midcourse

correction (entry corridor maneuver), a nominal case has been selected

for study. The 354,000-1b space vehicle is launched on 30"November 1964.

The burnout velocity of the space vehicle using conventional guidance

equil_nent can be controlled to ¢4 ft/sec*, tIowever, as a safety factor,

a velocity burnout error of ±10 ft/sec will be assumed. Figure 3-66

relates the change in burnout velocity of the rocket to the resultant

hyperbolic excess velocity. This is an energy derived relation.

r

For the 30 November 1964 launch date, a hyperbolic excess velocity of

approximately.ll,600 ft/sec is required. The assumed error of -+10 ft/sec

in the burnout velocity gives approximately +35 ft/sec deviation in the

hyperb'olic excess velocity. :_:" " _

K_pence, W. N., "On the Adequacy of ICBH Guidance Capability for a Mars

Launch," Journal of the American Rocket Society, 1174-60.
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For this deviation in the Earth departure conditions, an initial mid-

course correction was applied after a 20 day delay time. The fimst

correction reorients the vehicle's heliocentric trajectory to establish

a designated asymptotic approach distance at Mars. In applying the

first correction maneuver, deviations occur between the required velocity

increment and the achieved increment. These deviations necessitate a

second correction increment in the vicinity of Mars to reorient the

vehicle trajectory to establish the asymptotic approach distance while

maintaining the original transfer time.
_7

In the analysis, simplifications have been used to evaluate the magnitude

of the second correction increments:

•

2,

The measurements of the vehicle trajectory parameters "are

assumed correct all times.

The radius, velocity, and velocity increment vectors are

assumed coplanar.

With these simplifications, the entry corridor correction velocity

magnitude is a function of the_ror in the first correction maneuver and

of the remaining time period (preintercept time) between the selected

transfer time and the elapsed travel tim_. Figure 3-67 presents this

relationship for corrections applied to re-establish the selected

asymptotic approach distance to affect an orbit establishment maneuver.

The selected asymptotic approach distance is for a constant retrothrust

maneuver into a 300 n mi circular orbit after a 200 day transfer beginn-

ing with Earth orbit departure on 30 November 196_.
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Figure 3-67. Second Mideourse Correction (Entry

Corridor Establishment) 200 D al_¢"_

Mars Transfer
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MARS ORBIT F_STABLI_HMENT

Mars Orbit Selection

One mission/vehicle selection for study in Phase 2 was establishment of

a satellite orbit about Mars. A circular orbit of 300 n mi _iti&ude

was selected arbitrarily for study of the propulsion system requirement.

To select the optimum altitude for an orbit would involve a detailed

study of the goals of the mission_ This is beyond the scope of the

present study. However, the 300 n mi orbital altitude selection was

examined for atmospheric decay of the orbit and for photographic

capabilities by the orbiting vehicle. These literature review studies

indicated the selection of 300 n mi appears very favorable and

realistic.

Martia_ Atmosphere. The density of the Martian atmosphere plays an

important role in selecting the orbital height of the space vehicl'e.

The diameter of Mars is less than that of the Earth, and Mars is less

massive. Because of the lesser gravitational pull of Mars, the pres-

sure gradient with altitude in the Martian atmosphere is about 2-1/2"

times as small as for the'Earth. At about 30 ton altitude the barometric

pressures of Earth and Mars a_..equal. Below this altitude the Martian

atmosphere is less dense and at greater altitudes the atmosphere is

more dense.

*Wanders, A. J. M., "The Physical Conditions on the Planet Mars,"

IX International Astronautical Conzress; Amsterdam 1958.
t
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Ice at.most,_e.tv cf ,.t,e E_t__ is _-.tf:.clL.{,t..iF _o, rlfied at. 300 n mz to

pr_ent r_.p',d deca:v ,,f a _,_'._ _-' t_ .r _. i:_ Ai_,ho__gb the density of a

Mart_.a:t. a;mo,_pt,-r_ :,;_, _ _: J__:.Jy _rea,_er at the 300 n ml altJ_,ude:

_t _ felt "£_ "te o_b:t do:_.v _" I! he s_ff!ciently low *..o provide an

o._T_r;ded per::od for_ s_',_]I.J.t _- _'[2_er_.'_r.Jg_ of the planet. No concent, rat, ed

"_.! -I _-us de_',,t,=d "-tie N_..:t_.az_ a_m.;epi_erh study: b_.f, the literature

_r._eged bo.t r_,.,',_, ,_::eF_,V-._ t._.e b__d_._,:i_:h_:tt.ty of the selected a!t_i.tudeo

_z.k_p.L.__¢_. _,1_,__,:.-. ,eso ::_ "c,- '-,n" -_w_v m_.ss_on ÷,o establish a Mars

:,r'_2" ce_t_::n pay:oad o_,et.,_::._ns _i'_ _e carried out during the orbit-

ingo One s,_.c-r:, operati.::_, inv., i.¢ed _r. a Mars reconaissance mission would

o_ F,:t,otog.,_F:_., ,_f _r__.e _.._, ..,,:_:. _;.*r_-;.J._ .... l_.e pbotograpbib capability from

tLe ,:.r0t'.ing sp_.ce _er.:c,e _,:j; _-,,._ly !n.t_.ce:,ce _,he selection of an
#

for fe<slOle ec_e._,o.'.._,:::, a:_d c_.mer_, (.;:v¢_.e.g_ of the Mar_i_ terrian.

A c;.r_or_y c_.ec_ ¢_f pt, J_,gr-_p:::" capacilit.:es was made based on litera-

ture i_,I_rmo._:_:_. £e_:_,i_: t.._:d_ec.1,_,a _eqazre review before feasible

orhi_._ _..lti__de._ ca.:_. 'c:: se:.ec+.ea..

Scv.le N.:mhero 'h:s Js t.ce z._mtt-r 'ty ,,::_ t a d:stance on a map or

_t,.,)t_grapr_ m_s". _e m:.[ttpl:,eJ t' _et -:_._ c _t, _t,._n.ding gr_-:.nd distance

AI l.i!.'ud..- i_:t -i_._-,_
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Figure 3-b8 shows tile effect of focal length on photograph scale _ich

is shown as n mi per inch of photograph to provide a guide for selection

of photograph size. In general, the larger the scale number, the harder

it is to see fine detail; on Fig. 3-58 small values of n mi per inch

are desirable. Figure 3-68 also shows an actual photograph result taken

by camera from a Viking flight which can be considered early state of

the art.

Resolution. Another useful and measurable parameter is resolution,

a term originally used by astronomers in specifying the ability of a

telescope to visually separate dguble stars. For photographic perform-

ance, resolution refers to the ability of a film-lens combination to

render barely distinguishable a specified target consisting of 5lack

and white lines. When a lens-film combination yields a resolution of

10 lines/ram, it,means that a line and a space which together measures

0.1 mm are barely distinguishable. Lines of coarser spacing (i.e.,

0.1 mm) are, therefore, better resolved. This single parameter (resolu-

tion in lines/n_n) should be used with caution for it fails to describe

the character if the resolution at all points other than the last, or

threshold value; but if used properly it is a very handy measure.

Ground Resolution. This term is often used in discussing performance

and is defined as the ground size equivalent to one line at the limit of

resolution or

- Ground resolution (feet) - Scale number30 .s R (lines/m)

5-185 R-3208
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From this formula one would expect to obtain the same ground resolution

by trading resolution and scale number. However, this type of recipro-

city is never the case either in practice or in theory. If one can

trade scale for resolution, the trade should be made in the direction of

lower resolution and smaller scale mmmber. There are great differences

in the graininess characteristics of different aerial photographic emul-+

sions, and these affe@t interpretability much more than they influence

resolution. Figure 3-69 has been estimated to reflect ground resolu-

tions from various orbit altitudes for current and,future photographic

capabi I i tie s.

Reconnaissance Levels.

four levels as foliows:

Operation'al reconnaissance is expressed by

Level A - Prowidee pioneer large-area search. This calls for a system

to be operated over areas measured in millions of square

miles; for the Earth a scale number of roughly 250,000 K is

used (where K is between I/2 and 2, to account for ignorance

+" and variability of conditions). Ground resolution correspond-

ing to level A is 80 K +eet. For space with the lack of

atmosphere and oLher distur_n.ces it is assumed that ground

resolution would be better by a factor of 7. Therefore, with

a given scale number, grotmd resolution of 7 times Earth

values could be allowed with the same system and would

effectively _ive the same performance. This assumption may

not apply for Mars which is believed to have an atmosphere

of about 98 Imrcent nitrogen, llowever, it is asst_ned adequate
o

for this cursorT study in _hat i_ is not expected that th6

Mars at,m_,sphere would have water vapors (clouds), smog or

haze that are a parl of the Earth's atmosphere,
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Level B -

Level C -

Limited-area search at a scale number of 50,000 K which is

useful for areas measured in thousands of square miles. The

character of many major installations, facilities, and

ground terrain can be detected and identified, aircraft can

be seen on airfields, major lines of communications can be

found and plotted, and, in general, those items found at

level A can be seen more satisfactorily. Ground resolution

is about 16 K feet.

Specific-point-objective photography can be accomplished at

a scale level of 10,000 K, and is useful for areas measured

in terms of hundreds of square miles. Extremely detailed

analyses of sites, airfields, industries, and activities can

be made. Topography of terrain such as craters, mountains

and hills,foli_e, etc., should be well detailed with this •

level of reconnaissance. Ground resolution is about 3 K

feet.

_ak""

Level D - Technical intelligence objective, at a scale level of

2000 K, is useful for areas which may be less than one square

mile. Excellent topography details would result with this

level. This requires a ground resolution in the region of

to 16 inches.

The 'above levels are used as guides and are shown in Fig. 3-69 . For

initial Mare reconnaissance photography, ground resolutions between

levels A and B are adequate for the mission purpose.

q

• _p, Q

3-189 R-3208



A DIVISION OF NORTH AMERICAN AVIATION. IN_,

Ctinc_,'_:st,,,r_° As 'h_ m_sl.on p_rposed for Mars is essent.].a.lly reconnais-

san(e of a get, oral riar_te spa._¢ ',:_el A coverage _s considered satis-

fa_t/:ryo ,Ix..',_ (_,er_.__ w-L_d or a prel,de _:, {,Lure missions that would

eslabl:sr, gro_x.d a.'_-as d, s= t <t,; e t_,r gte_::or de ,,_': led observation and

IeconrJa_ssa.t_e (':._s.,detlog a Mars orbiting satellite at. 300 n mi to

pl_v,do [eeorma_,ssar, ce photography of space level A_ we can establish

t..:_grapt_ c._r,(_:..lit_es for _be c...nd_,._;n,s selected. Observat.ion of

_.._:_ p;_.;e.' L....t,sder,ng a i_t sa_ia, ce _.),id provide a total visual swath

w_O_,.q oi 1505 t; m. t),,_e_-e; Lse; _ _bservati,/a would be oniy about

600 n mi (Fig_ 5-70 )o re nse existing photographic capabilities for

the: level A c(,ver_tge, :4 focal lengt.h of 1 foot_ 9-1/2-in. film with a

resolution of _.5 1,_-:es.mm is employed. From Fig° 5-68 , 25 n mi/inch

oi pt;_,t.) _.._ i :_e _, - _.::le _:" .:L ,, =,;_d pr_v_de a 257 n mi camera

s_o._._, as sL ,, ..... 5-70 ,': :V,_rs are_. per pass for photos would

• be 1.3_ x ,'.(Ih __q........ ,'. m _ " is _.,: ..t 3 percent of the Mars surface

_.rea. As '•ce sa:_-'.]ite _s ,.rLJ_::-:..g _;t 6_00 knots, and consideriqg that

ph_t.**grape, y wo_Jd be *.ake.n o:,iy ,:.f tbe s,.[n-exposed surface, about 30

otb:rs _nd 5 da_s _"_.23 b_ req=._Lr._d *o c.>,er the entire Mars surface

area. [r,.;..s .,.:. .... ._ ,_q-:. --e a.:._t 2_0 5e=-% :,i 9-I.'2-___ .... film at. 93 lb

fzim _e ..g,. .'. . Ot2e .;-q._'_m_:_!s c:__.-_ r.e de_,ermrned dependent upon

e_t)_ t conditions a-ad space _e. ,: a.s cl'-_:e.--._d ,_.s;ng Fig. 3-68 and 3-69 ,

bU_. iS _..ev,ofid r._e scope (.;_ _:.:e _-t,::::o t|owever, th._a limited investi-

gation iliustrs.te__ ¢he feas.:c ':y , _ t": _el, vcted bla.,s orLi+. (300 n mi)

: • _mi'_qg /ha-t gce spo.ce 7te_e A :_.,.-.:c_,_.::esance lewi is adequage for

the space miss:.._c p_*b.ose,

lhe nex_ pkase ._t. _:_: _l_,s m _.-_ =. :_::q.°z:£g propels;on 's that of

estaDi|ishili.g &ll ott)i? ao,:o.t ._:.rs_ ,_o esv_b,-is_;ng tt.e Mar_ian orbit,

the primary ob3ect-ve is to alfec+_ espy.are into some satellite orbit
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to prevent the vehicle bypassing Mars. With this philosophy, the inclina-

tion of the resulting Martian satellite orbit is not considered an im-

portant parameter. If the _nclination between the Mar%tan equatorial

plane and the resulting orbital plane is incompatible'with mission goals,

propulsion can be used %o change the plane to a selected plane. The

orbit establishment analyses have been conducted without regard to

_e inclination of the resulting orbit.

An ideal situation for establishing the.Mar%inn orbit assumes zero

burning time or instantaneous change of the velocity vector. In this

ideal case there would be no losses. The results of the ideal approxi-

mation %o an actual propulsion phase indicate trends to be expected

from finite burning periods. Figure 5-71 , 5-72 , and 5-75 have

been constructed for this ideal case of instantaneous change in the

velocity vector. Each figure is constructed for a different hyperbolic

approach velocity to Mars. The.ideal velocity increment supplied by

the propulsion system for establishing an orbit, or for effecting

capture, is a function of the orbit height above the Martian surface.

The vehicle approaches Mars from infinity with a hyperbolic excess

velocity; as it comes nearer to Mars the velocity of the vehicle (with

respect to Martian coordinate system) increases until a maximum velocity

is attained when the vehicle reaches the distance of closest approach

(_rertex) on its hyperbolic trajectory. The ideal velocity increment of

;

--g. 5-71 , 5-72 and 5-75 is applied at the vertex. The velocity in-

crement for establishing a circular orbit at any Martian altitude with

this instantaneous change in velocity applied at the vertex can be ob-

tained by taking the differencO_elPween the entry velocity curve and the

circular orbit velocity curve.

5-192 1_-520_
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The preceding figures have shoh_ the ideal velocity increment for estab-

lishing a circular orbit about Mars for orbital altitude varying from

1 n mi up to 1OO,O00 n mi. Yor_the second phase of this present NASA
f

study, a 300 n mi orbit has been selected for recommendation. Having

selected the 300 n mi Martian orbit as the nominal case, Fig. 3-)'h

. presents _he'ins_an£aneous velocity increment for changing the hy.per-

...._olic trajectory into a circular orbit. This LXV is plotted as a func-

tion of the hyperbolic approach velocity.

In conjtmction vith the analysis for an instantaneous impulse method of

orbit establis_nt about Mars, the asymptotic approach distance of .t.he

vehicle must be_ controlled _o achieve an attitude of 50(_ _ mi at £he

vertex (Fig. 5-7:5 ). For various launch dates, _,he vehicle approaches

Mars with varying hyperbolic exces_ velocit, ie_. The asymp_oti(_ approach

distance must be varied as a function of the hyperbolic a_proach velocity

(Fig. 5-76 ) to effec( a common vertex at..500 n mi altitude. As the

hyperboiic aPl_woach veIoc_,y all, creases, the as)_pto_ic approach dist.ance

approaches infinity. As the hyperbolic approach velocity increases, _he

cl:rve of Fig. 3-76 becomes asy_npt¢,_ic to the vertex di.staz_ce (_O0 n mi

altitude). *

The asy3nptotic approac_ di.stance can be controlled during the _idcourse

correction p_a_e, if noL obtai_ab!e during Earth orbit departure phase,

_y wtryiag Lh¢ radial miss dist:_nce. The radial miss dintamve is de-

_':i.ne':_ as _.he _',t_sest ,ii_t_u_ce beL-_'_:e_ the vehicle he|iocen-_,ric ira-

jec+.,_)ry _n,_ a point, mass planet (which does not per{urb tb.e vehicle's

helio<'e_tr[c t.r;.,.ject_ry). Fig_re 5-_? shows h(_W L_e as_p_,)i_c approach

disLar, ce (d) _ari_s w_Lh -the radial miss distan,'e between the vehicle

end (b.e p(_i(_L mass p_a:_et..
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Figure 5-77.

_Helioce_tric Velocities

Variation in Asymptotic Al_gach Distance
with Radial Miss Distance
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A DIVISION OF NORTH AM_'RICAN AVIATION. INC,

Simulated Tra,lecto_¥Maneuvers

The preceding discussion has been for establishing a Martian orbit with

an instantaneous impulse to change the vehicle velocity vector. This

analysis provides the basis for additional analyses to investigate

techniques of orbit establishment for vehicles with propulsion systems

which burn for finite periods of time.

As stated previously, the Mars hyperbolic approach velocity of the space

vehicle varies with the launch date. The hyperbolic approach velocity

for an interval of launch dates in the 196_ period selected for study

varies from approximately 13,700 to approximately 18,8OO feet per second.

This variation in hyperbolic excess velocity has an important effect on

the Mars orbit establishment maneuver.

Direct Final Orbit Esta_lisb_nent. Several propulsion maneuvers have been

investigated for changin_ the space vehicle hyperbolic trajectory di-

rectly to a circular Martian orbit. For circular orbit establishment,

constant thrust and constant thrust*to-weight propulsion programs have

been evaluated. The maneuvers for circular orbits have been simulated

on digital computers by flying the vehicle backwards out of the circular

orbit, using a negative mass flowrate. The powered phase of the me_neuver
#

terminates when the vehicle attains an energy level associated with the

hyperbolic excess velocity. From the homograph of Fig. 3-61 , the

weight of the vehicle in the circular orbit can be obtained for each

hyperbolic approach:_;el_city, since the corresponding gross weight of

the second stage (Fig. 3-63 ) _s known. The altitude at which the

vehicle reaches the energy level is the altitude for initiating retro-

thrust when establishing a circular orbit. From other trajectory param-

eters at this energy level termination, the asymptotic approach distance

can be calculated from the momentum equation.
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v"

F _r a (_,:,r,_a,JT l_.f,_eht._ai re_,r_lLtust propulsion maneuver for estab-

!,s,*.;.ng a _l,rs 300 n ml carcu_ar or"bit, the emrxy corridor parameters

a_o pr._.._-[ ._ ;_, FI__ 5-78 Ite as vmpt.otlc approach distance which

m:)_ r_e _..e_: _.,_j !.r _._e 200 O_.y tr_-_fet, mission and the selected

,z,t._:rva! i-,t depart.ere da*:es darina r.he 196t_ perl.od varies between approxi-

w_,._iv 2800 n mi a_ad 3200 n mid 11. is the fu_nctzon of the midcourse

r,0p_.:tsior, and gu:ida_J.ee-con_.r-,"_ aystems t,o establish these en_.ry cor-

_,_,9_ ,-a,;t,:e,_a',, P:_-,)t, 3-7Q deV;._t.s i,?_e xaria_,ion in the ent,_y

_,_¢f ;i.J,_.z -_u' ,ffl_: e t t .t,,: I_L : _ (*¢0 : ( I-_,. .:if;, . _dfll(afl[_ l]ga_iO/l_.

l:,,_ a (o_.st_mt _._,s¢.-tc,-wei.gut veUicte (thrust-to-Earth weight equal

to 0.Sq) .aslr, g a +_.htast, opposi:_g-ce, tocitv maneuver, the retro_.hrust

bur_;n_ =:.me tLe ,._mp_,t.lc aI.T:r _:cr,. dlst_:c.,ce, and x,he _.[titade for

_t-rzor_..t,__st _,.,-]ti_;.. m _._.-e s_.o_,_ Jr, __g. 3-80 'l"_ese parameters are

f_t,,.as 'of t..:,e r.)l_.c<.o,.2c _pjc-:_=._.t. _eloc_.ty and are reiative to

est._bz_ski_g a 500 n mi c=rc:iar orbit

lntrrmed]az:e O.rS:: Es'_-:,(_,e:'_,mer,: , For estab__ish.ing t.he intermediate

orbit abo-6-_.. M_.rs 1_. may sLmpt, ifv-mLdc,:vrse ff_dance requirements if a

commoa asympto_xc approaca d_s+_ance fig. 3-81 ) could be used re-

gardless ,,f t:yperb,!¢c e_:c_ss appr'oe, cb _e;.tciLy. Additionally, it

o u ) d • • " f y_r-a: ,y s:.a:mp]! ILP prt_[.l._m _¢ et c)mmon altXtade also inde-

. "zden'., of _:be hyi_.erbc:i.e ap.pt,.)ac_ _-_ '.:rZ-)' (ouLd Oe ;zsed for beginning

o! the r'_r_r)t},z_:s ÷, m_,neu-¢_zo ")::"_,.a ,,e d these simpl=fJcat, ions would re-

s,_.tt Jn t:_rermed'_..e,,:.e er_i_s d.:ff,r._ic,_, from t_5.e final 300 n m__ circular

orb-_: mit _,':.5_ "'+'-rm /.... ._ _,r.q_r, _o_',_d _.f- cozzecr.ed _y some o_her

Ft_t,uis_on pb_.s_ t,v a _,00 o. mi c:cit..

:A 0 5q... *t.z_sl. -t,) I'.ar_r ,,e '.e...'- ra,:) corr_spond,,_ _,o approximately a
I 0 tbrbe_-t,_ H_,.r_ .:e._a_'. ra,_,:,,

-5-'2,)2 R-3208
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An analysis was performed to determine whether or not it is feasible to

use a tangentially applied constant thrust-to-weight program to establish

an orbit employing the concept of a common asymptotic approach distance

and a selected initial altitude for beginning the retrothrust maneuver.

In addition, the propulsion system would deliver a total impulse which
O

is a function of the hyperbolic approach velocity. The total impulse

would correspond to that required for maneuvers described by Fig. 3-80.

If the asymptotic distance from Fig. 3-80 for the 18,800 ft/sec hyperbolic

excess velocity trajectory were selected as that to be used for all tra-

jectories, those trajectories with low hyperbolic _xcess velocity (in

the order of 13,700 ft/sec) resulted in orbits which intercept the surface

of the planet Mars. This intersection occurs even with no retrothrust

applied to the vehicle. Thus_ the altitude for retrothrust initiation

becomes meaningless. Perhaps with additional analysis an asymptotic

distance, an altitude and a total impulse could be determined suitable

for these simplifications with a constant thrust-_o-weight propulsion

maneuver. However, from the results of the_limited analyses conducted

for constant thrust-to-weight maneuvers, the simplifications must be

ruled out.

It is recommended on the basis of analysis accomplished for constant

thrust-to-weight propulsion systems that the asymptotic approach distance

and the altitude for the initiation of the retrothrust maneuger be pro-

gramed into the guidance and control system for each particular hyper-

bolic approach velocity.
$

For the concept of establishing a Mars orbit by using a cpmoon asymptotic

approach distance and a selected initial altitude for the beginning of

a retrothrust maneuver, a constant thrust program was investigated. For

the constant thrust analyses the total impulse delivered by the propul-

sion system was selected to be a function of the hyperbolic approach

velocity as described by Fig. 3-78.

_..
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i I JII i

As slated :_n t,Le d_sc_.ss_on tor cors_;ant tnt_st.-to-u-etght propulsion

prpgrams: seierliLg the a_.ymp¢.:,,.e approach distance corresponding to

the high LVpe.rho_c approach _!_:c':ty, i_ 800 ft/sec)_ results in t, ra-

,}ector!_s t,t )-c, L_per,_ul_ &PF: :<oh :et'3citles that.lntercept, the

ac.rfa.ce of r.he _lan-t -v_:a _;(t_,_c'_ r_rto'arast being applied t,o the

ve t, L.,. ] _- o

For a. connta_l _Kr_s_; pf_.,V,..|e-,.:_, m_a_e_._er- irL _"hich _he _et.rothrus£ is

• . fi7

api:'i,d _I, ,pp,:si_:iot, ,o t'c.e xe;,_c;t:y, ar_ inves_:igaf.,on was conducted

_s;ng' tne asymptotic appr,;ach d_st.ance of the m_nimum hyperbolic ap o

proact, velocity 13,700 ft,sec)_ Ihe altitude for retrothrust, initia-

tion wa_ _elected a.s _L.a: Vn.I.Le '_:_.iC't_ wo_ld result in establishment of a

3()0 n. mi c;zc_l_r _rr,.'_ '_::r _. t_ytrcc_,tc approach.veto, city of 13,700

it/see) _s _g tt_e de_c,_(,ed pt:)p_i__.n manex_,er

As t.t,e analysis prcgzessed t_:._ stmpli_lcat.ion of using a con_non altitude

for. :_n';tlation of retro_[,r_st was deleted. Retaining +.he common asymp-

t<_:c appt.:.a,-__ d_stance space x:e_icl_s witK la, rge hyperbolic approach

v_:ic.c_t]es _[_ 800 f_ _ec] re:,Te .o!_=_<r_cea :f closest, approach (altitude

of tne hyperbola v_r*,e._i e_g._er _r,_:_ ,¢,:e ___ie:+ed alt.itade for retro-

t.hr_st ir_it_ial, ioz. o .so analysis.z_o,s pez_:,rmed _o det.e_nlne the effects

of increas_ iEe alt::_i_u:de abo_e _.he selected va]Ue o On _.he baals,of

the a:c_alys_s co_da:':;ed i_ wa_ co.q,._ _ded :'t,._t. a common alt.:i.tude simpll_..

f_ca_ion could Lot b_ _aed {of a. ':_t_,_t.:g t_e _etro_r, rt_st maneuver ln-
¢

dependen: of the ?_vpra_,-- _,Fp;_ac:.9. v-_.,jcLt.'_s occurring w.,_bin the

range cons_ dared.

It was t_.en decided ghat ¢be a:ttiz,'_de f_r beg.!nning the zetrothrust, ma-

neuver sho,_.[d be a fa_ct, io_) ct _,_.¢ r.yprb_i_c appro_cb velocity. Yt_e

altttude "for e_cb r',p,-_,,iic aPFrC_.cr x'e_.,:; 2t.v wa_ selected as presented
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in a previous section and plotted in Fig. 3-78 . The results of this

method of orbit establishment appear favorable for affecting an inter-

mediate orhlt about Mars.

The periapsis and apoapsis distances of the resultant intermediate

orbits are shown in Fig. 3-82 along with the altitude and retrothrust

burning time for this technique of orbit establishment. The periapsis

distance varies between approximately 250 n ml and _00 n mi. However,

"the apoapsis distance varies bet_ceen 300 n mi and approximately 1000

n mi as a result of this simplification.

For the selected asymptotic approach distance, and the dependency of

the total impulse upon Mars hyperbolic approach velocity, the largest

deviation between the intermediate orbit and final orbit parameters

occurs for the highest hyperbolic approach velocity (18,800 ft/sec) of

the 1-month period of Earth orbit departure dates. Thus, toe maximum

total impulse required of the second stage will be the sum of the total

impulse for establishing the intermediate orbit when the vehicle has a

hyperbolic approach velocity of 18,800 ft/sec and the total impulse to

change the resultant intermediate orbit into the final orbit. The mini-

mum second stage total impulse requirement will occur when the hyper-

bolic approach velocity of the 1-month period i_ a minimum (13,700 ft/sec).

At this approach velocity the intermediate orbit ac_lally corresponds to

the final orbit (Fig. "_-82 ).

For the constant retrothrust maneuver, additional analyses could be

conducted to determine the variation in resultant orbital parameters with

changes in the delivered total impulse for a particular hyperbolic

approach velocity. Some total impulse different from the assumed valu_

may be determined that would give better intermediate orbital parameters

than those of Fig. 3-82
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. %,

o
If this type of orbit establishment propulsion maneuver is used, the

midcourse propulsion/guidance systems _st establish the asymptotic

approach distance. The terminal guidance and control system for an

intermediate orbit establishment would consist chiefly of a radar

altimeter to determine the altitud_ for initiation of the retrothrust .

maneuve r.

• -Q

Intermediate-to-Final Orbit Haneuver. In previous paragraphs, discus-

sion has been presented pertaining to establishing an intermediate orbit

which later could be corrected to a 300 n mi circular orbit. Because.

of the inaccuracies in the Hars'orbit establishment maneuver and because

of the variations in the intemediate orbits due to the change _h the

Mars approach hyperbola, the actual orbit established may differ con-

siderably from the desired 300 n mi orbit• It is therefore desired to

• correct this intermediate orbit to the 300 n mi circular orbit recom-

mended in this study.

Figure 3-83 represents the impulsive ideal velocity requirement to

transfer from a Mars elliptical orbit to a 300 n mi circular orbit. A

minimum-energy two-impulse transfer was used in evaluating the velocity

requirement. In Fig. 3-83 the ideal velocity requirement is plotted

vs the ellipse perifocus distance for various apofocus distances.

To use this figure read up from the orbit*perifocus distance of the

intermediate orbit to the line corresponding to the apofocus distance

of the intermediate orbit; then, read across to determine the total

impulsive ideal velocity increment required to transfer from the inter-

mediate orbit to the 300 n mi c_rcular orbit.
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No integrated trajectory propulsion maneuver analysis was conducted to

determine the increase in velocity increments for actual propulsion

systems performing this change from the intermediate orbit to the final-

orbit. Howe_er, analyses conducted for Earth orbit changes, indicate

that for a Mars orbit change propulsion maneuver performed with a thrust-

to-(Earth) weight greater than approximately 0.2, the actual velocity

increment will not be appreciably larger than the ideal velocity

increment.

The largest velocity increment to change the intermediate orbit to the

final orbit occurs for the highest hyperbo}_c approach velocity of the

range considered (13,700 to 18,00 ft/sec). From Fig. 3-82, the inter-

mediate orbit for the 18,800 ft/sec hyperbolic approach velocity has a

_00 n mi periapsis and a lO,100 n mi apoapsis. The velocity increment

(Fig. 3-83) to change this orbit to the 300 n mi circular orbit is ap-

proximately 875 ft//sec. For performing the Mars mission with an inter-

mediate orbit concept, the second stage propellant capacity must be

large enough to provide this additional velocity increment.

VARIATIONS IN PROPULSION SYSTEM,

VEHICLE AND MAN_ PARAMETERS

Many factors affect the payload weight that can be placed in a Mars

300 n mi circular orbit for a vehicle with a fixed initial gross,weight.

Some of the propulsion system parameters that affect payl0ad'_r_'the

specific impulse of the stages of the vehicle; the thrust level of the

stages; and the structure weight or inert weight of the stages. The
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slKtll_,cance of t.r..ese pa, tamei__ts _._i: c,e analyzed in more detail for

resu}Tar;t xat._..,.lJ .r, tt_ payload ef a space vehicle with an initial

g_oss weight of _,54.000 lb la.:._ vettcle corresponds to the payload

placed in a 500 n m_ Earth c_,:t by a _(,va H-6 vehicle.

...... In. a prev"!ous secti_.n, o. constant ihrast, retrothrust program for

_ direct orbit es1-.:_,bli_tanent was described (Fi_° 3-78 ) The asympt, otic

., apptoacn, dTs'.o._.(v, 6.nd ',.,_ .u.,r/v:de t._r r_t,_r-u.sr_, ini*ciation were fttnc-

,,.,.s .i ¢.Le t=y-r,_st,),i( app._..o.(r_>-v-,l:._ity.° ]hzs _.)pe of trraject_Jry

has been ,:sed for i.he unaly%es ot the effect, of parametric variations on

the establ;shment of a Mars 300 n mi circular orbit, .Although the analyses

are for a direct .rb:i establishment maneuver', and an intermediate

• 2 .r]rh:Lt mane_.v_t }o.s Ce.__:_ re+:vnm_er_.ed I_r tr, is mission, it, is believed

ti:_t, r_.ese st.dies f_z di._e_-5 ._rmir_, es*._.b_:shmen_, will be indicative

ot res_;,ts to be _.._pcted fo_ +.as recommended maneuver.
e

S 6ag:ing

/'

For eva.l.;._t, ing some ,-f tDe proFilsien system parameters, the 35_,000 lb

veh:i.cle w:,]l be c,_i,e:d__red ..s a ,._) stage _'ehicle (Fig. 3--8_ ); one

sIage f,.,r e_c_ping -:he E¢.__:_. ,,_u +. at, d es-,_.._;,:shtng the heliocentric

trat_sfer trajea_ory: and a second stage for establishing the Mars

o_bit° TL.i_ as_,ampttc, L. dc_s _et preven +. :;nc iusion of another stage

(or even para_lel st.ag_t,g) as a pat_ of the payload of %he second stage.

A restart cf the se_o:ad stage _r an addt_rL,mai stage) requLred to change

• ' hthe in_e.tmed•i,c_e cr:"z, ir.Z,,_ rr_.e fib.at cr:c_t _.._,1 reduce tae indicated

pa_]oad into tt_e t2r__al orbit, Ly %as wviga_ of _nis addle-tonal propulsion

req,xi,eme_t (see Fig, 3-10_.
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• GROSS bvEIGHT • _5_ooo LBS.

L

s

?

• PAYLOAD :3"7 Z,l.o LBS.

5 TAQE TwO :

Thrus{ 30,000 LBs

Propellants : LOz/LH z
Propeltar_ Tanks :

DESI6N C AP,_C I T_r

LO z : 12, 8$0 LB5

LH z : 64,150 *.,85,

Pump Fed

(' CONSTAN T )

LOAOINQ vARfATdO_S

I Z.BSo -- 8,]30 LBS.

_4._5o - 4.J (,,5o L85.

STAGE ONE :

T-hrust : 15o,ooo L63.

Prope;tan_s " LOz/L._
Propellan_ Tacks

CE..._tr4N C_PAC / TY"

tO z . 3_,250 LBS

LH 2 . 19G, 250 LBS.

Pump Fed

(_CONSrAN T)

I OADIH& VARIATION5

35,¢30 e_ 39,250 LI_5.

1"1_,_50 - 19_,250 L6:5

FigUre 3-8zt. Nominal Two-Stage Vehicle for Mars Orbit Mission
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,, | ,

,S Cage and Propulsion System Weights

Some vehicle considerations ttmt affect the payload weight into tile

_rs orbit are the structure weight of the tanks, the engine system

weight and other inert weights of tile stage. These weights can be ex-

pressed in terms of a propellant fraction. A propellant fraction _0.915)

for each stage has been assumed throughout most of the study. To in-

vestigate the influence of the choaen propellant fraction upon tile pay-

load weights, two other propellarrt fractions have been considered. The

results are plotted in Fig. 5-85. The payloads are for a situation where

both stages are assumed to trove identical propellant fractions.

In Fig. 3-85 the first stage propellant fraction has been retained as

0.9_5 and the second stage propellant fraction results from various

propellant combinations within the range of specific impulses considered

•for the second stage of the space vehicle. For a more precise calcula-

tion of the effect of inert weight, (i.e., structure weight, engine

weight and other weights that are not directly payload) an analytical

design study was performed and is presented in Section III. Using this

information payloads are indicated in Fig. 5-85 and 3-86 for a mission

begun on 30 November 196_. The results of the analysis indicate that

the 0.915 propellant fraction selected as the nominal value for the

studies of the Mars mission was only slightly too high. Thus, the selec-

"i tion of a nominal value of propellant fraction for this study is

j_stified.
.'.

Specific Impulse

From the cryogenic propellant storage analysis, storage of liquid oxygen/

liquid hydrogen is,feasible, and desirable from a performance standpoint,

for the Earth escape'stage. Thus, for the parametric study the fi_{ _
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Figure 3-85. Effect of PropellanL Fraction on Payload of
a Hars Orbit Establishment Hission
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Figure 3-87. 200 Day Mars Transfer
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The stage weights of the ,mminal two stage vehicle are identified to

exemplify-l,he effect, of the thru.s_ of the stage upon the stage payload

that can be realized. For the first stage s a thrust level of 150,000

Ib (for the nominal val_e of the 55_,000 ib space vehicle) was recom-

mendod in Phase 1 of the study. If the initial gross weight of the

vehicle increases much beyond the 35_,000 Ib nominal case, the velocity

requirements increase and the percentage of the payload to gross weight

begins 1_o'drop off, An increase of up to 650,000 ib initial gross

v eight shows a decrease in performance of less than 1 percent below that

obtained using a higher thrust level of 300,000 lb. As the initial gross

weight decreases, the inert weight' assumes a more predominant role and

the obtainable payloads/gross weight first shows a slight gain; then

begins to decrease° This means that the 150,O00-!b thrust is not exactly

optimum-for the vehicle, but is extremely close to optimum.

As previously mentioned, the second st&ge with its long transfer times

has a strenuous propellant storage requirement. This requirement is

such that the insulation weight required to maintain the cryogenic,

liquid oxygen/liquid hydrogen propellant combination may decrease its

payload capability so that a system using storable propellants would

be more desirable° Preliminary consideration of this problem (Section

III) indicates that for the nominal Vehicle size or a larger vehicle,
"%,

the liquid oxygen/liquid hydrogen combination wd_ld be desirable. For

vehicles much smaller tha&n_%he nominal, the storable propellant combina-

tion begins to be at, tractive.

For the second stage _f the space vehicle a thrust level of 30,000 lb

was recommended for the nominal case. Again, the percent payload to

initial gross weight of the second stage s_ows peaks for each thrust

level when plotted as a function of the initial gross we_ight of the

second stage.
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Ih_ c:_.c,:e t,.r a I[.ru.s+ le_e[ _ I _0,000 lib peaks a_, about the stage weight

(_f t_.e ,._4tmpie ..sedo ho,'e_'_.l _.s re=ted from _he curves: an increase

In perfer_nance J.s realized as:;1,g t_,e recommended 30,O00-1b thrust level.

1_I-L.st Ma_n.itude

One of wt_e pr.,i;_.._ ,._, system I,atamete. rs tc_o.t_ may vary for the retrot.hrust

mai..eff_.'e[. _.s t_]e t._rus, m_x_.ie:_Oe, lr_e p_op6lsion system may not operate

at trte heroins! design thr,:sl ]exei_ l.nas, it is of interest to determine

any deleterious consequences apon the resnlting orbit about, Mars. The

a_ ta.;L',n in t_ tb.r_s_ .level causes d_fferent effects depending upon

:ce l_:p_. ,,! r_,,_.:"_vqs,....... mar...e___er _e_mir, at_on employed. If the guidance

and cont__:.! s_st(-m .s p_. a_.-.me _ *, st: p _;b.e" retrotbrust ma.neuver after

a sele',_.ed per_::d _i _'o(- "(t._ ;:_,,"l-_.:'., ott'.Lt_ wi].] _rary accordingly

F_. 3-qO )°

However. a si;age des_gz,_:d !..:) lcrovide agiven velocx_y increment or

tix.ed _o_.I :.mp-_!se .it ,._ :_mi__a_._ c_p,,_, depletion of stage propellant

_eig_t) _._,_.[d Ge recomme_.dedo _.t)6.or_,i_.M deviations from this termina-

tion mane_ver are presenr, ed _a f2g° 5-'9[ In.e major axis of the re-

sal. t.'_ng orb£t changes-by less t._:_.n _00 n mi .:f the propulsion system

operat_es at a t'hrasr, dev:_at_on as large as z]-5 percen¢ of the nominal

QO,O00 lb, Al-,.heugn ¢c2s i_.-_¢-e:.:g_:.::..,._: w_s conducted for a launch date

of 30 Novembe_ 196_ :i_ is believed _o be representative of the results

tha_ would be obtained ior oLher la_:_ct= aares during the 196_ period.
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Transfer Time

In addition to the propulsion system parameters, the transfer time be-

tween the Earth and Mars plays an important role-in the payload magni-

tude. As discussed previously a 200 day transfer, has been recommended

as the nominal; This transfer time does not yield the largest payload

capability for the 1964 departure period (Fig. 3-92). Selection of 220

days would ameliorate the _ayload capability for this departure period.

However, recall that the optimum transfer time varies with the year of

departure, and is oscillatory about 200 days. Although the nominal has

been recommended as ')00 days, the transfer time could be varied each

• favorable departure year to gain payload weight.

The payloads presented in Fig. 3-92 are based upon trajectories using

a constant retrothrust tangentially applied A shift in the transfer

time would require additional analysesto ascertain the thrust program

and trajectory parameters for establishing the Mars orbit. The asymp-

totic approach distance and other parameters as presented in Fig. 3-78

for the 200 transfer time would have to be evaluated for each transfer

time.

Mars Orbit Selection

Most of the orbit establishment studies have been based upon a 300 n mi

circular orbit. Obviously, less payload can be placed in a 300 n mi

circular orbit for a particular hyperbolic appraach velocity than can

be placed in an elliptic orbit with a perigee of 300 n mi.
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To determine just what effect the shape of the Mars orbit will have on

the magnitude of the payload, a study was conducted for a representative
I

launch date(30 Novomber 196_) for the nominal vehicle. The orbit estab-

lishment maneuver used constant retrothrust applied tangential to the

trajectory. The retrothrust maneuver was initiated at the altitude for

establishing a 300 n mi circular orbit as presented in Fig. 3-78

The variable in this analysis was the second stage propellant weight.

Off-loading of second-stage propell_mt from that required to establish

a 300 n mi circulKr orbit decreases tile burning t_me; thus, the re j

sult, ant orbit deviates from the circular orbit. The resultant orbital

elements are presented in Fig.

As much as 8000 lb payload can be gained by off-loading this identical

amount of second-stage propellant without a signific'ant change in the

perigee altitude of the 500 n mi. The apogee altitude and the eccen-

tricity of the resulting ellipse do change appreciably, as shown by the

curves plotted in Fig. 5-95 Depending upon the nature of the Mars

orbit mission for an instrumented vehicle, significant gains in payload

can be obtained in this manner by accepting an elliptical orbit instead

of a circular orbit. This, of course, will depend entirely upon

whether • or not the apogee distancds and eccentricities are compatible

with the goals of mission.

A VE_tICLE DL_IGN FOR LAUNCttING DURING A

1-MONTH INTL_VAL OF DATFS FOR TIlE 196_

OPTIMUM LAUNCtt PERIOD

The preceding p'lots-of payload vs launch date assumed space vehicles

(departing an Earth orbit) to be specifically tailored to the propellant

and velacity requirements of each departure date. It is recommended

3-'2'29 R-3208
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that a vehicle be designed such that it has the capability of being

launched any time during a 1-month interval of launch (Earth orbit de-

parture) dates without extreme deleterious effects upon the payload

capabilities of the vehicle. Actually, this means designing propellatit

tanks of each stage large enough to accommodate the maximum propellant

volume required for any of the launch dates throughout the 1-month

interval. During the 196_ period of launch dates,,an interval of

30 November 1964 to 30 December 1964 has been'sel%cted because the

launch date for maximum payload occurs during this interval.

The propellant tanks of the space vehicle are designed for the maximum

volume expected for any launch date during this period" The maximum

propellant requirements of the first• stage occurs on 50 December 1964

(Fig. -99 ) The structure and tank size for the first stage will

he designed for -this propellant loading and its required residual pro-

pellants. The second stage of the space vehicle, the stage for estab-
w

lishing the Mars orbit hasa maximum propellant requirement on the

30 November 195_ departure date (Fig. 5-58 ). Thus, the second stage

tank size will be designed to accommodate the propellants required for

this maximum value.

This design approach reduces the maximum payload for any given date by

the difference, in design tank/structure weight over the minimum tank/

structure weight _.s.atisfy the propellant requirements of that depar-

ture date. Thus a penalty is paid in the "theoretical" payload of a

vehicle by designing the stages according to this method. (The word

theoretical is introduced here to indicate that in subsequent para-

graphs discussion will be presented to show that this so-called payload

loss is meaningless when other factors of a 1-month launch t_eriod are

evaluated.) Figure 5-9_ shows t,he lo_s in these theore_,ica| payloads

as a function of the launch date.
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Specific Impulse
Stage One: _20 sec

Stage Two: /_201sec

Propel lant Fraction

Stage One," 0.915
.S t_age_ .TMot __).915

" !

1

: i

.Figure 5-9_. _00 Day Mars Transfer (Two Stage Vehicle)
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An interesting aspect arises when a space vehicle is reco_ended as

applicable to any departure date from an Earth orbit within a specified

interval of dates. Specifically the problem is this; how can the_pro -

pellant loadings of each stage be clanged to the requirements of a particu-

lar launch date once tile space vehicle is in an Earth orbit awaiting a

departure. The easiest solution to this prbblem is to suggest that the

.vehicle be placed into the Earth orbit immedihtely prior to departure.

Thus, the proper propellant loading could be accomplished on the ground.

However, the boost-to-orbit trajectory, consistent with the recommended

proper inclination of th/e geocentric parking orbit, may severely reduce

the 35_,000 lb initial gross weight of the space vehicle.

h possible alternative that warrants detailed evaluation (beyond the scope

of this stud_) would place the vehicle in a 28.5 deg orbital plane prior

to Earth orbit departure This 28.5 deg inclination plane could be

changed by some plane change propulsion maneuver to achieve a desired

geocentric orbit plane inclination during the time interval between Earth

launch and Earth orbit departure. If the geocentric plane change maneuver

requires slightly more or less time than allowed between Earth launch

and Earth orbit departure, the propellant requirements of each stage

change accordingly.

As indicated i_k_.leig. 5-95 the shape of the curve of the total propel-

lant weight consumed by the combined two stages for the mission is prac-

tically flat. (The second stage propellant weights are for a biars orbit

establishment maneuver as described in Fig. 3-78.) This suggests the possi-

bility of loading a fixed amount of propellant on the space vehicle prior to

o
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orbit establishment (utilizing the recommended tank design) a'dequate

to perform the mission for any departure date of the interval. The

tanks of the stages might be interconnected to permit shifting of

propellants after the vehicle is in a geocentric orbit. Regardless of

the particular departure date the required• propellant loadings could be

secured for each stage.

According to. Fig. 3-94, a space vehicle will have a varying payload

capability which is a function of the launch date. (The payloads are

computed using trajectories as described in Fig. 3-78.) This payload

capability variation is a direct function of the energy requirements.

The payloads presented in the figure must be recognized as theoretical

payloads only, if one vehicle is designed to be launbhed on any date during

the period. To be realistic about payload weight, a nominal value must

be selected for the interval of launch dates which necessarily could be

the minimum value during the period. Otherwise, continuous changing of

the payload package would be required when th$ launch date changes. It

is impractical to vary the pay]oad weight of a particular vehicle during

the month interval.

Realistic payloads must be accepted as the lower limit if a particular

vehicle is to be capable of geocentric orbit departure any day during

the period. From Fig. 3-9_ the payload would be selected as approximately

37,2_0 lb. Any difference between the theoretical payload as shown by the

curves and an actual payload could be residual propellants in the second

stage.. This amount of residual propellan_,c%Nld be used for maneuvering

the vesicle once it has established the 300 n mi circular orbit.
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'tt is of pr-_me in_erest. _,J cot_.slder des'Lgnxng a vehicle that could be

used for more than one par_(c,:lar mission or for one particular launch

date. _he design o! (nis r_omi_at x_e_icle 'Las been shown, to be capable

of launch during a ]-mont.h ._:,*er_"al of launch dates during the 196_ opti-

mum period for a _ars *,va__.s, te_, A sim_]o,r optimum time occurs for launch-

l:-'.. _., M_rs t.ra.sIe_ ve_¢.ie d:;,_n.g a peri.od encompassing Dece_nber 1.966

a_m ,5anu.ary 1.967o lhe n3mLt)_._. _ebi.c.le an designed for %he 1964 launch

period has been &r.a_yce_t 1or i_,s e,dapi_h:ii, ity to the 19_7 departure

_ith both stages destgtled us ee(ommended for the maximum propellant

loadings t_i the 196h launch period has been used.

Dcrir, g t.ue 1967 ,._:._,e_,_.:. "t.e wr.e_gy _eq.trements are somewhat less than

_.oe i96h _ti_er_e,!._ !_,er_f._e _a. 5-9b sb.o_s a gain in theoretical

payload tot a _ars m£es_,_._: A s-;m_:!_.,r at.alysis could be conducted for o

_tae, opt:m_aa deparg_.re pe_:o_s_ 0-(r, er optimism pe_iod.a have not been

considered t'or inclusion in this report. L_unch date in 1969 could also

be considered. H_'evet_ ior tr_,:s r_m:_n_] vebtcle it is believed that

only ¢he pay!,)ad cwrve w_v;td ._."ft, assv_ning all mane_]vers were the

_ _l]21e o
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using one stage over the other for the orbit establishment are a result

of a more optimum distributio_ of ideal velocity requirement between the

two stages involved.

/
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s

LUNAR IANrDING AND KE'K0]LN MISSION

t

The study of an). propulsion _'stem must necessarily involve an analysis

of the mfssion which the system is to accomplish. The large number of

maneuver alternatives which are possible to accomplish a spa¢e mission

require that these maneuvers be investigated in detail to fully exploit

the potentialities of the propulsion system. Figures 5-101, 3-103, 5-112,

and 5-11_! show the wide variety of maneuvers considered step by s'tep for

the lunar mission. The shaded areas on the figures represent the maneuvers
,j

and thrust profiles selected. The following sections contain descriptions

of these selections, the reasons for their choice, and brief analyses to

indicate the effects of system errors on the maneuver termination

conditions.

The three major divisions are Earth-Moon transfer, lunar landing, and

Moon-Earth transfer. I_mar landing embraces a particularly wide variety

of alternatives which very strongly influence the propulsion system

design parameters. This sectionhas been subdivided into -two areas so

that actually two lunar missions are presented; the landing and return

of later manned vehicles.

Considerable use has been made of analysus performed in Phase 1, but

further trajectory simulations and analyses (particularly for the land-

ing maneuver) have been added to provide more complete coverage of the

possible maneuvers.

_4

• . Q
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INITIAL CONDITIONS

The starting point considered for the lunar mission was a 300 n mi orbit

around the Earth. A description of the trajectory assumed to have placed

the space vehicle _n this orbit is given _n a previous section. The use

of a parking orbit, although slightly more costly in propellant expenditure

than the d_rect transfer, greatly allev_atee the restrlct_ons on launch

time and position to accomplish a g_ven lunar transfer trajectory. These

restrictions are d_scussed at length in Ref.lb which describes the l_mits

of the direct transfer trajectory.

An altitude of 300 n mi was selected for the parkirg orbit as a plausible

compr_Ise between _ncreased propellant requirements and Van Allen belt

radiatlon, hazards _n high altitude orbits, and orbital perturbation and

decay _n low orbits. As the orbit height increases more propellant is

r_ulred to place the vehicle _n orbit. In fact, the very high _alt_tude

orbits require more propellant than the escape mlss_on. On the other

hand, reports such as Ref. 17_nd_cate short lifetimes for the lower

altitude orbits. The hedght selected for the parking orblt _s higher

than that required by the reference _f only a few passes of the vehdcle

are _etessary to obtain the correct alignment prior to transfer. However,

the extra propellant requirement for a 300 n mi (6ompared to a I00 n mi)

orbit is small and the orbital buildup and long stay capab_litles are
y

thus ensured.
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Figure 3-101 shows the possibtlity of including alt orbital plane change

at this point. Although such a maneuver _uld reduce launch time re-

sbrictions it involves, generally, a rather high propellant consumption

(velocity increments in the order thousands of fps) and was therefore

not included.

TRANSFER TRAJECI'0RY

A 2.6 day transfer trajectory was selected based on considerations of

propulsion requirements and crew requirements for manned missions.

Increased trip time is beneficial to the gross payload capabilities of

the vehicle because the lower velocity requirements result in less

propellant consumption. This is shown in Fig. 3-102 where the upper

curve represents the above mentioned gross payload. Further considera-

tion must be given, however, to the effects of trip time on other param-

eters. For e.xample, the life support system weights discussed in a pre-

vious sec_otl increase linearly with trip time for durations encountered

in typical lmmr missions. This weight is indicated as the difference

bet,_een the upper and middle curves of Fig. 3-102 and is seen _,o have

a small effect on usable payload for the lunar missions.

A far more significant factor causing reduction of the net payload is

the radiation shield requi}ement for maaned and other radiation sensi-

tive [_yloads. The lower dashed curve s]mwn indicates the drastic re-

duction in useful payload because of the use of shielding. The curve

is dashed because a constant shieldirtg weight was assumed anti. beeo.use

of the relatively uncertain requirements for shielding (p 2-330).
I

;_ _.
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The shielding weight from which this curve was derived was based on an

average trip time and is presented only to show the magnitude of the

payload loss rather than any time dependence. In actuality, more

shielding may be required as the trip time increased. First, the con-

fidence level of solar flare .predictability decreases as the duration

to be predicted increases. Second, th e probability of encountering a

arger flare during flight increases as the flight time is extended.

Thus, if the shielding thickness dere based on an arbitrary probability

(e.g., 99 percent) of receiving less than a specified dose of radiation

during the trip, it is clear that the shield weight would be a function

of trip tSme. Although more research must be accomplished before this

function can be determined, the result of the increased shielding would

be a peak in the next payload vs trip time curve. The 2.6 days used

throughout this analysis is, t_erefore, not to be considered as a rigor-

ous recommendation but rather a probable value of trip time.

0

h tangential thrust program was selected, based on simulated trajectory

analysis, as the most ecoffomical with respect to prope'llant consumption.

The complete optimization of a midcourse correction program is a problem

area concerned more with guidance equipment than with propulsion systems.

Thus the'investigation was centered around a literature study and the

conclusions drawn are based primarily on the data and information
)Q

' !tained in Ref. 3 , _ , 5 , 6 , and 7 . _hese references indicate

propulsion system velocity increments in the range of 25 to 200 fps.

Both optical and radar sensing systems were considered, and single, dual,

and triple corrections were evaluated. Errors in velocity and position

of tile vehicle as it approaches the moon as low as 3 fps and 1 n mi

respectively are claimed. The small magnitude of even the most pessi-

mistic velocity requirement indicated that further study of this phase

3-200 R-3208
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was not necessary in this effort. Therefore, the relatively high value

of 150 fps was assumed for the outbound midcourse correction and should

be adequate for most guidance system requirements. The magn4tu_e of

the return midcourse correction was also assumed to be 150 fps.

A continuously applied correction using a low-thrust engine is possible,
)

however the literature on the subject indicates that the demands of

the guidance system have not yet been formulated. Furthermore, the

subsequent propulsion system analysis indicated that the incremental

propulsion system would also be applicable to other phases of the

mission and was therefore used for midcouroe propulsion.
p

LUNAR LANDING

Direct Landing

The maneuvers considered for landing are shown in Fig_3-103. Theshaded

areas represent the recommended method of accomplishing the direct

landing. _"

The early lunar missions may take the form of unmanned trajectories to

serve as practice shots to test the early models of the propulsion,

airframe, guidance, and other systems and also to accomplish scientific

and engineering experiments oil the lunar surface. "The required, landinE

CEP for these missions would therefore be quite broad (Ref. 19) since

only a general obstacle-free area would probably be targeted and the

restriction of landing areas available to this maneuver would he of

little significance. To minimize guidance demands for these early

3-'.'61
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mission, a simple vertical descent landing following the sequence shown

in'Fig. 5-105 is recommended. This would require that the guidance sys-

tem merely establish the local vertical, and measure the altitude to

-determine the time of thrust initiation. Reference 23 concludes tha't at

the altitude where retro-thrust would be initiated, 1 percent accuracy in

altitude measurement is possible if an optical horizon seeker were used

for this purpose as well as for establishment of'the local vertical axis.

However, this accuracy would be improved by a factor of 10 by use of

radar. Therefore, the system was assumed to use an optical horizon seeker

to establish the vertical, and a radar sensor to determine altitude and

descent rate. A constant-'thrust restartable engine having a specific

impulse of _20 sec was assumed for the trajectory study.

?

"The analysis was begun by determining the altitude above the moon at which

retro-thrust must be initiated (based on a 2.6 day transfer) to result in

zero velocity at the lunar surface.

To simulate this maneuver the vehicle was flown vertically from the lunar

surface, with the mass increasing with time. Figure 3-10_ shows the re-

sulting firing altitude as a function of the initial thrust to (lunar)

weight ratio.

To ensure _afety in the landing maneuver the possibility of errors in the

velocity and a l_tude measurements was considered. Figure 3-105 shows

the altitude at which the vehicle will reach zero velocity if the firing

altitude and velocity were 0.1 percent high and low. respectively. In-

cluding the possibility of this error in the design the vehicle is then

targeted for this altitude, the result being that the vehicle will reach

zero velocity at an altitude between zero and twice that of Fig. 5-105

for combinations of errors in veloeity and altitude up to 0.1 percent.
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/

The magnitude of the burnout altitude resulting from measurement e_ror

at firing indicates that further propulsive maneuvers will be necessary.

One possibility is that the vehicle free-falls to some altitude where

the engines are restarted; another ls that the engines are throttled

and the vehicle falls at a small c_nstant descent velocity; a final

-_akternative is to reduce the thrust to some low level (F/W determined

by first phase burnout altitude) and maintain this thrust level such

that velocity would buildup and then decay to zero at impact. Figure 3-106

shows _he propellant requirements of this final descent for the three

maneuvers discussed above. The consumption is expressed on this graph

in termsof the ratio of the propellant burned during the final letdown

to. the gross weight at the beginning of this period (or, equivalently,

at the end of the first burning phase). This figure indicates the low
0

propellant requirements of the cutoff and reignite maneuver compared

to the others. This advantage coupledwith the absence of throttling

requirements led to the seIection of this maneuver for the final

descent phase. The principal disadvantage of this maneuver, namely

the restart capability requirement, necessitates that the engine have

a high starting reliability especially if tile maneuver were used as

mart of a manned mission. (A discussion of a trajectory more suitable

to l_ding manned payloads will be found in the next section.) The

following discussion presents some aspects of the cutoff and reignite

final descent maneuver.

Assuming that the worst conditions prevail, the vehicle will be at an

altitude of twice that _hown in Fig.3-105with zero velocity at the end :¢" _

of the first, burning phase. It then :falls to an altitude at which

the engines are restarted, resulting in zero velocity at the ground.
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'[hi_ altit,ude _s a function of the thrust/weight ratio and altitude aL

l'irsL-phase burnout. Figure .5-107 _jlows t,he t,_me required Lo fall to

Ihe second fi_'in_ altitude as a funebion of thrust-to-(lunar) weight

ratio at, tshe beginniz_ of the firsL l'irin_ phase. Figure ._-108 shows the

altitude at which the second firing i_ initiat, ed.

"_aiu, the el'feet of measurement errors z,u,_t be consider'cal. Figure 3-109

gives the altitude at which zero velocity occui's it' the, second fir'in_

al_ttpde and velocity were again O.l percent high and low respectively.

l)esignil!4_ tire possibility of this error into the .%'stem will re_ult in

the _r_ximum second burnout altitude being twice ttmt shown in Fig. 3-109.

This a[t]l,u(le is low enough so that t_e vehicle can free fall and not,

Lml)acb wi-bh _t large velocity as long as the inil, iaI thrust to weight

ratio is sufficient. If a limit is imposed on the lint)act veloc.i, ty .it

follows thht a lower limit will be placed on the initial thrust-to-

weight ratio. Examirmtion o1' Fig. 3-100 [illd '2-130 results in tire con-

Clusion that if an impact velocity of as Inuch as 20 fps could be

bolerated then the initial lunar landing thrust-to-weight ratio is

restricted merely t_o values above 0.7_ lunar g (0.12 Earth g). This

is, in reality, no restriction since mass ratio optimizations will

result in a thrust-to-weight ratio appreciably higher than +_his value.

Figure _-110 shows the total mass ratio required for both maneuvers based

_m a specific impulse of h20 sec, and indicates a slowly increasing mass

..... t, io requirement down to thrhst/weight ratios of approximaLely 2. Below

this value the mass ratio begins to rise rapidly because of the prolonged

burning times and large error possibilities.
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Figure 3-96. 200 Day Mars Transfer, Comparison of Payloads
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1 "IT _ I "EARTtl ORBIT ttENDEZ_:0I_S HISSION

By contractual agreement, the major efforts of this study were devoted to

tile Hars and lunar missions. Consequently , the rendezvous analysis was

directed toward a single mission: one contact i_ a 300 n mi orbit, with
i

}rovision for plane change. While this mission is typical of rendezvous

requirements, tile conclusions could be affected by significant variations

in such parameters as orbit height, gross weight, number and position of

contacts, and relanding requirements.

TRAJECTORY ANALYSIS

0

Hany techniques are available for the accomplishment of the rendezvous

mission as suggested in Fig. "5-97 Section 2-3 of the report indicates

that the propellant requirement for establishing rendezvous with a non-

evasive target in orbit is only slightly greater than the requirement

for placing th_ vehicle in tile same orbit without rendezvous considera-

tions. "In-_his study, it is assumed that the rendezvous is to be used

for such purposes as orbital buildup, space station supply, etc. The

maneuver selection is to be based, therefore, not primarily on propel-

lant cmasumi)tion optimizations, but; rather on th(. demands which the maneu-

vers place upon the engine and _uidance systems. F_nphasis will be given

to the effects on engine parameters, but: results or' the literature search

of Phase I concol'ning guidance requir(;ments will be included and considered

where applicable.

Tile basic trajectory is pr,,sen[ed in Fi,z. 3-98 , and the mam_uvers are listed

in table 5-It. The ascen_,, suggest, ed is the conventional v('r'lical rise,

3-238 1t-3208



=

Q

I

I T_,-_ Ira,_6J $ "F PA Jm&,.dLL 6 I.i.. MrO

(

I

[1° °

- il "
I

1

I
1

I

Co _,_T I

' ' i
I
I

IIy_.o_,._o--.-II ......
I

I I

I
I I J

I l L, 1

i

I

t

I

y_.,i/_,Bl_.__. "n-4 _O.._T i "

L, "1

f
/|

.11
1

I A'TI"_TL_O _= COI,,,I'T'I_Ok. I

I

Figure 3-97. Maneuver Combinations for Earth Satellite Rendezvous

3-239

_-3_o8



.IF" '" _

3-2_0 R-3208



A DIVISION OI r NORTH AM_'RIOAN AVIATION, INCD

1

2

5

5

6

7

s:

9.

TABLE 3-1 i

MISSION TRAJECTORY MANEUVER PHASES

@

J

Powered Booster Phase

Coast to Orbit

Powered Orbit Injection Phase

0rbital Coast Phase

Powered Plane Change and Rendezvous Intercept Phase

Powered Rendezvous Closing Phase'

Powered Retroihrust Re-entry Phase

Powered Re-entry Correction Phase

Aerodynamic Re-entry and Landing
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klckover (v,,lo, l_v re(lot rolatlon) and t hrust-parallel-t,o-veloc]ty

maneuver. Wbis ¢ont]nu_:s until dynamic pressure decays below a predeter-

mined value based on drag and missile s_ructural considerations. At this

point, thrust Is applied al. a constant angie w]th the local horizontal

unt, tl tl, e v,-bt,:ie position and velocity vectors are such that thrust is

_erminated and the vehicle coasts to the desired orb]t height.
i

AT ll)e ap,_,gce 1be vehl_.le does not possess sufficient veioclt.y to follow

t,t;e: orbit d:,s;ted, and turt, her t.brust must be applied° In general a

• plane change is also required. Th]s is most efflclent, ly accomplished by

launchlng so "¢.hat the vehicle crosses the larger orbit plane about a

quarter revolution after laur_cb. For clrcularlzatlon of a 300 n ml orbit

and a 5-deg plane change the velocity Increments are ttSO and 2200 fps:

respectively T_he apogee and intersection points are generally not coincident.

Three a_t,ernac_ves present themselves at, this po_nt. The boost, er engine

may be reign]ted at, apogee to pray]de the circularlzat,_on velocity incre-

ment and agarn to provtde the plane change Increment, leaving only a small

residual ¢I'osing _elo_lt,v(approximaiely lO0 fps) t,o be counteracted by the

space engu, e "_ondly, _he booster may provide the circularization velocity

while the space eng]ne accomplishes _he plane change and rendezvous. As a

final alt, ernative, the space engine may be used t,o provide propulsion for

c_rcular_zat._on plane change a_,d rlndezvous ['he fact.ors to be considered

a dec_.d_ng whlt;h alternative _.o pursue are payload, reliability, and guid-

ance requl rements,

I'be payload capab_l_ies of the latter two methods ate compared in an

example given as t.be appendix of rh_s section where tt is concluded that

a_llo_ng t,he space eng_n( _ ,,o perform more of ,_he mission results tn a

slight though not, tea s_gn_i;(an_ payload Increase due to mote optimum

_y.•,
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staging conditions. The payload resulting from the first alternative

would be smaller than those of the latter two due to the even further

off-optimum staging. The third alternative appears slightly more de-

sirable from a payload standpoint.

The number of starts of each propulsion system are tabulated below for

each of the alternative staging configurations.

Starts

Staging Booster Space Engine

I 3 1_

II " 2 i*

III 1 2*
t

Thus, the first alternative requires four starts, while the second and

third require only three starts. Also, since the start-and-run relia-

bility of the smaller, storable propellant, pressure-fed space engine would

generally be higher than that of the large cryogenic, pump-fed booster

(Ref.l_), the reliability of the system employing the third alternative

appears to be highest.

Turning to the question of guidance system requirements, the 300 n mi orbit

with 5-deg plane change may again be used as an example. The initial

closing velocity (2200 fps) correspond8 approximately to the plane change

velocity increment for all alternatives. The high thrust-to-weight ratio

(F/W) of the booster propulsion system used in the first alternative permits

*These are the minimum number of starts.

propulsion and guidance systems design.

The actual number depends on

3-2_3 R-3208
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target aqulsl_lon and firing 1.o be delayed until the separation between

the target and veblcle is In the order of a few miles, The low F/W

(0°07' t,o 0°2) required of the space engine for the final closing maneu-

vers dlct, at.es a target vehicle- range in tile order of 100 n ml at target

aqulsltion, Based on ttef. 15 : radar sens()rs for _h_s, range can be

d,,eslgned at an approxlnlate weight of _0 lb. exclusive of power supply.

In conclusion the maneuver' employing the space engine for all phases

appears most promising from payload and reliabi.llt, y considerations, and

lies w_t.hln the (apabl.lltles of guidance sensor devices,

Land_ng'from orbit tan. be accomplished by providing a 500 fps deorblt-

lng velocity d+cromen_ followed by aerodynamic re-entry techniques.

PROPULSION S_' STDI

Figure 5-97 presents several concepts of propulsion and guidance for the

1,erminal phase Tbrot, t.leable or constant-tbrust, engines are suggested,

trod p_loted and guidance control are presented for selection.

rhe findings ot the lit, e.'_lure search were that, t,he type of control

(piloted vs automatic) does not greatly affeel, the propuIslon require-

o ,ents.. Thus t.he selection of t,he type of control w_ll be left to

'other considerations.

Tbe advantages of both the t.hrott.leable and the pulsed engines must be

weigbed earefuily before deciding which is n_ost a.pplica_ble. The thr0ttie-

abIe engine has the advantages of requiring only a single st, art; of pro-

vld.ing fine (ont, rol if deep t, brotlllng is used; and of havtng the

3-2_h R-3208
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capability of applying high thrust under emergency conditions. Despite

these advantages the fixed-thrust engine system was selected on tile basis

of its one primary advantage: simplicity. To avoid extremely deep

throttling requirements the variable thrust system would have to employ

a two-engine propulsion system (Ref. 15 ). This would consist of a

relatively high-fixed-thrust engine and a lower-thrust level engine

capable of about 5 or 5:1 throttling. Tile complexity of this system would

result in lower reliability than that of the multistart fixed-thrust

engine.

J
/,

When the selected system is used to rendezvous payloads of the Nova It-2

class vehicle, a fairly large propulsion system (approximately 12,O00-1b-

thrust level) resultS. This prohibits using the rapid pulsing sequence

employed by tile low-thrust engines. Thus, after accomplishing the plane

change and allowing a small residual closing velocity, the system would

operate by applying a s_all number of relatively long-duration impulses

(in the order of 1 to 50 sec). The velocity increment imparted by tile

impulses is shown in Fig. 5-99 h brief analysis based on the tracking

and guidance accuracies of Ref. 15 indicated that four firing periods

would be generally adequate to rendezvous at a closing velocity of less

lhan one fps. Velocity errors due to cutoff impulse uncertainties are

insignificant when operating at this thrust level.

A three-axis attitude control system using twelve nozzles may be used

to control the vehicle orientation during the rendezvous phase and to

accomplish the final docking phase after the relative velocity h_s been

reduced to less than one fps by the main rendezvous proDilsion system.

5-'-' P4"; I{- 3',2)()8
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Just as the maneuve_selection was based on factors other than payload,

due to the small velocity increment involved, so also'is the type of

propulsion system dictated by such factors as simplicity and reliability.

_ef.l_ Contains a table of reliabilities of engines of about the same

"thrust level as that of the rendezvous engine. The variables of size,pro-

pellants, feed system, and pressure are included. The propulsion system

envincing the highest reliability was the small pressure-fed, storable

propellant system and was therefore selected as the rendezvous propulsion

system. Selection of hypergolic storable propellants and positive expul-

sion tanks is also attractive from considerations of restart capabilities.

Table 3-12 describes the recommended rendezvous propulsion system. No

specific amount of propellant has been allocated for the landing maneuver

due to the wide range of possible requirements, i.e., from no landing

through landing tbe entire payload. However, it has been calculated that

I50 lb additional propellant would, be required to deorbit and land the

empty stage with aerodynamic braking. The propellant requirement in-

creases to 4800 lb to land the orbited payload.

OPERATIONAL ASPECTS

Significant to the efficient accomplishment of %he mission are the opera-

tional methods employed. This is particularly so in the orbital buildup

missions. For example, if several payloads are to be joined in orbit,

the launch vehicles should be identical when possible so that a separate

standby vehicle does not have to be available for each launch vehicle.

The same philosophy may also be_xt_nded to the payloads (e.g., identical

propellant carrying tank configurations for orbital fueling).

R-3208
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O

Payload, lb

Plopulslon System

Feed System

Propellants

Propellant We lgbt.

Inert Weight., lb

Thrust. lb

Restarts

lb

? FABLE 3- !2

Ih_NDEZVOUS PROPULSION SYST_i

92,800

Positive

HON/MMtt

28,h00

3200

12,000

,"J3
t

Expulsion
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The significant quantity of propellant indicated in Tabl_ 3-12 is due,

for the most part, to the plane change phase of the rendezvous. The 5

deg plane change capabil%ty is included, primarily to allow rendezvous

of any of five passes of a target satellite launched from the same site.

Operational considerations may allow reduction of this angle to 2 deg

or less and thus significantly affect the propulsion requirements.

Booster recovery has received attention in the past, but should be further

emphasized for operations requiring many launches to complete the mission.

The long engine life of a liquid rocket propulsion system and the small

percent of the total cost involved in refueling the vehicle make recovery

quite attractive.

For rendezvous involving several payloads to be assembled by ldan in orbit,

operational analyses would have to be carried out to determine the opti-

mum time (i.e., which launch) to place the man in orbit. Other opera-

tional problems occur which may be general, or applicable only*to specific

situations, but are of prime importance in the planning of any rendezvous

mission.
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APPENDI X A

STAGING EFFI_CIS ON ORBITAL PAYLOAD

?

l'he tr,ajectovy used for establishing a low Earth orb11 (a parking orbit

'or a space mtsslot]) general1.).inc.ludes a coast, phase followed by a cir-

cularizing maneuver ptopulsi.on phase t,o add the final velocity needed

to establish l he orbtl. 1|1is final orblf, establishment propulsion phase

(:art be supplied by reignitlon o1 _,he last, stage of the boost, vehicle,

or it can be supplied by the first space st, age_ which would later be

relguited for l be next propulsion phase, Tbe performance of an example

Yehlcle _as evaluat,ed t,o Illustrate the effects of these two alternate

approaches, q[he vehLcle se:ieeted consist_ed of an 02/RP propellant booster,

an 02/}I 2 propellan_ second slage and a spa(e stage using MON/MHH propel-

lants, the mission selected for the vehicle was the placing of a payload
w

into a 300 n mi orbit, with the inclusion of a 5-deg plane change. The

boost vehicle will deliver 118,000 lb (space stage plus payload) to a

300 n mi Earth orbi¢_ and wlil deliver lPh h00 lb (space stage plus pay-

Ioad) to the coast, phase of the parking orbit, trajectory. After the co'ast

phase of a parking orbit |,rajectory, about ttS_ ft/sec must, be added to t

the vehicle velocity to establish the orbit. Figure 3-100 shows the ideal

veloclt,y requ]rement neede'd to provzde the required ziS& ft/sec of additional

_'_ocity as a funct.ion of the x:ehtcle thrust-to-weight ratio at the initia-
i •

'tion of the orbit, establishment phase. 'Ihe dat, a are presented for a system

having an I of _20 se_, but, _ould no* be significantly different for a
s

storable propellant, combination due t.o t,he small velocit,y increment. If

the second stage of t, he boost, vehicle were used for t, his orbit establish-

ment phase, the thrust-r.o-weight wilI be high; for this vehicle about _.7.

3 - 250 R- 320 8
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Tile space stage used for the Earth departure phas$ will have a considerably

lower thrust-to-weight (about 0.1); however, Fig. 5-100 shows that this

lower thrust-to-we:ght will affect tile ideal velocity requirement for orbit

estaSlistunent, on_y slightly. A thrust-to-weight of 0.1 requires only about

8 ft/sec higher ideal velocity than a t_.7 thrust-to-weight. Even though

\.the ideal velocity requirement For orbit establislunent is essentially the

same whether the h.7 thrust-to-weight second •stage of the boost vehicle or

tile 0.1 thrust-to-weight space stage is used; the weight in orbit, and con-

sequently the thrust-to-weight at, tile initiation of tile plane change phase,

will be different for a space stage with the same thrust (approximately

12,000 lb thrust) in both cases. The difference in weight prior to tim

initiation of the plane change maneuver, however, is small (11_,000 lb

_hen using the second stage of the boost vehicle for orbit establistunent

and 120,200 lb when using the space stage for orbit establislunent).

Figure 2-8 shows that this small change in thrust-to-weight will cause

less than 10 ft/sec difference ideal velocity required to accomplish the

5-deg plane change. In evaluating the payload delivered_ the inert weight

of the space stage was calculated as follows:

Guidance and Control Weight, lb := 500

Engine Weight, lb : 250

Tank and Structure Weight lb : 0.815 W + 0.210 (Wp) 2/5' p

The payload delivered by the vehicle using the second stage of the boost

vehi$1e for orbit establistunent was 92,500 lb, and that delivered by the
:_,

vehicl_ using the space stage for orbit estabIislunent was 0 '_ 800 lb

From the above illustration it seems likely that l_yload will riot be

substantially affected by using the space stage rather than the last

stage of the boost vehicle for the parking orbit establistunent for most

vehicles and space missions. The advantages in payload derived from

. 3-2 52 it- 320 8
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Becau__ tile v_hi_l_, is decelerating cunt, i.nllousl) a_ it descends Lhe

que_tion aris_ as to whether a'pt)reciahle translaiion could l)e accom-

plished to avoid ground obsl_acle,_ ti 1_),0(10 ['l, J_ the altitude limit,

beyofid which useful resolution of the desit'ed quality cannot be

a('('omplished. The time siyent below this altitude for the single firing

pha_e is presented in Fig. 5-Ill. _:ithiH the range of expected thrust

weight values (2 to 5) it appears thaC only 20 to 50 see are available

t,_, oi)tai_L pictures of tile surface, tranunit .Uo Earth, and maneuver tht,

vehicle. Because t_he time required to _ransmit the picture is approxi-

mately 20 sec, based on Ref. 2tt, this correct-while-descending technique

is clearly no_.feasible l'or th_s trajectory.

Q

Two alternatives are presented: the first is to design a hovering

capability into the vellicLe; "and the second.is to select a landing

spot, based oH previous orbital recommissance, in which the probability

of an obstacle encounter would be low. Because a guid.ing pl[ilosophy of

tJlis t, raje('tory was that tile guidance and propulsion systems _e as simple-

as possible, it was decided to eliminate the engine _hrottling or excessive

(Fig. 2-29) gimbalin_ requirements, as well as the accompanying optical

and guidance systems, in favor of the latter alternative.

Intermediate 0rbits

_ak'.

latter lunar missions ma)be characterized by having manned payloads,

improved guidance systems, more sophisticated propulsion, and an

obj,ect;ive of landing at an exact predetermined spot (possibly for

rendezvous) on the surface of the ._ioon. The palture of the payload

(maimed) dictates tlmt the probability oi' returning to Earth safely
Q
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O

be extremely high even if the mission itself were not accomplished
?

Thus, one of the guides for the trajectory selection for this mimsion

was that, whenever possible, system failure _ould result in the space-

craft traveling in an orbit around the Earth or the Moon, with the

possibility of repairing the malfunction, returning to earth, or at

least waiting for a rescue vehicle. The maneuvers selected to accom-

plish this objective are presented in Fig. 3,112.

Reference(25 indicates that launch abort systems for manned space-

craft will be needed to cope with abort problems during the following

phases of the launch sequence: (1) on the launch pad and during

lift-off, (2) during maximum dynamic pressure, (3) during suborbital

flightl and (4) during superorbital flight. The propulsion requirements

for (1) and (2) are somewhat similar and have the objective of propa-

gating as much distance as possible, in a short time, between the payload

capsule and the booster.vehicle: The requirements of the second phase

are greater than for the initial phase because the capsule is more

strongly affected by drag than the remainder of the vehicle because of

its low length-to-diameter ratio and consequent small ballistic parameter.

This means that the capsule would tend to decelerate more rapidly than

the booster so that a relatively high thrust/weight ratio must be used.

Because these rockets would be attached to the capsule and jettisoned

after leaving the atmospheric drag region, it follows that the thrust-

to-weight ratio should be based on the weight of the capsule. Assumipga

dynamic pressure (P) of approximately 600 lb/sq ft based on anticipated

trajectories, and :_n _proximate capsule weight (W) and diameter (D)
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of 10,000 lb and 10 ft respectively, based on Ref

tion due to drawls

26 , the decelera-

gd = 7TD2p/_w = _g

The drag deceleration of the booster will be inversely proportional to

the ratio of booster to capsule weights. Therefore the deceleration of

a 1,000,000 lb booster £s only 0_0_5 g_ a negligible quantity by com-

parison, rf it is desired to obtain a separation(S) of 5000 ft between

the capsule and the booster within 5 sec after abort, the net accelera-

tion (considered constant) must be

gn'= 2S/go t2 = 12 g

go = 32.2 ft/sec 2 0

The _otat thrust/weight ratio is then approximately 16,

If this t,hrust, were applied for a launch abort the entire 16 g would

be felt by tbe crew. The most likely method of reducing the accelera-

tion would be to cluster several abor_ rockets so that only those

necessary to give the required acceleration would be fired at any abort

time _-

Abort during the suborbital phase poses problems of thermal and decelera-

tion loadings during re-entry if the proper trajectory is not flown.

The purpose of the propulsion system during this abort phase is to orient

the veloc:tty vector at re-entry to minimize the peak deceleration loads.
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Because the mission was intended to terminate by aerodynamic re-entry

it is assumed _hat the capsule design is adequate to provide for the

heat loads encountered during a suborbital abort. Propulsion velocity

requirements are appro_lmately 3000 to 5000 fps for this type of abort

and, as there is no necessity for high thrust/weight ratios, the

propulsion system of _he spacecraft would probably be employed.

Superorbltal aborts could result in lengthy traverses through the Van

Allen radiat, on belts and thus present a considerable hazard to the

crew. Here again, the propulsion requirement is to maneuver the capsule

into the proper entry corridor. A propulsion velocity requirement of

approximately 4000 fps, and the ab]lit,y to use relatively low thrust/

weight ratios, again permtt_ ut_lllzatJon of the spacecraft propulsion

system for this abort maneuver_

Mission abort may be accomplished any time during the transfer phase by

using the propulsion velocity available to place the vehicle in a return

• trajectory which passes through the proper re-entry corridor° An _bort

at this time could mean t.ha,, an emergency has arisen which necessitates

return to Earth as soon as posslbleo In this situation, to obtain the

most rapid transfer trajectory, all propellants would be expended,

except those requlred to decelerate the vehicle t5 a velocity suitable

for re-entry. This would neces_itat.e that there be information avail-

_ble concerning the magnitude and direction of the velocity vector to

be applied at each point along the outbound £rajectory.

Q The 2.6 day transfer trajectory would again be used in leaving the 300

n mi Earth orbit for t,he same reasons given Jn tbe previous section.

Mldcourse correction _s a]so assumed to require 150 fps for each direc-

tion (outbound and return) of the trip.
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In accordance wit,h the philosophy that a noncatastrophic failure

should not result, in t.ge vehicle crashing, the next trajectory maneuver

has been designed to place the vehicle in orbit around the Moon. Thus,

if the vehicle passes in front of the Moon and no propulsion phase

occurs the vehicle velocity will be retarded to the point where it

begins the return trip to Earth along an elliptical trajectory.

There are otb er advanl, ages of the lunar orbit besides the abort con-

siderations. Prelanding surveys and reconnaissance can be made from

orbit if this has not already been accomplished by previous missions.

Another significant advantage is the wide range of landing sites

possible when using the orbital maneuver. For a given thrust/weight

ratio (of at least near-optimum magnitude) a fixed trip time and direct

descent, using thrust antiparallel to velocity (of which the vertical

descent is a special case) results Jn a choice of landing points

along an arc of about; 200 deg on the lunar surface as shown in the

following diagram.

Constant

time

Earth-Moon

Traj ec for ies

f

7_
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Tile actual landing point depends upon the lunar position at the time

oi' initiation of the Earth-,_loon transfer maneuver. Further discussion

of this _mint is nkade in Ref. 27.

Ib" use of a lunar parking orbit,,, landings can be made at any point on

1he surface of the Moon. The vehicle may be deorbited at any point

, the orbil, and the final degree of freedom is obtained by varying

ill(, orbital incii,at, ion. ]he irle!ination may be varied b); affecting a

plane ct]ange during or after the orbit e_stablistmaent maneuver.

1

Because this technique is costly from a propellant standpoint, espe-

cial.ty if appreciabte angles are involved (see Fig. 3-112A), another

method is avatl_e _hich a_ !ows establishment of orbits which pass

over any point on _he lunar surfaC-o Yhis maneuver, illus'trated in

Fig. 3-115 shows severn[ possible orbits obtained by varying by a very

small amount the direction of the velocity vector at the transfer

injection point. _hese different transfer _rajectories are tangent at

different points (A_ I3, c,. D) to the 50 n mi altitude sphere around

the moon and thus result i_t orbits of various inclinations. Note that

the orbits are restricted to tbe extent that the)" all pass through

a common intersection line. Thus, although it is not possible to

establish any orbit: deuired by this met_hod, the allowable orbits do

permit landing anywhere on the lunar surface. "4,,_..

The orbit hetgh_ selected for this mission was 50 n mi. This height

is greater than need be from guidance accuracy considerations (which

indicate errors as low as .1 n mi after midcourse corrections) but

does provide for unexpected gross errors and also is closer to

the minimum energy orbit, of Fig. 2--10_. The propulsion velocity
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required to establish the orbit using a thrust parallel to velocity

maneuver is shown in Fig. 2-115 and 2-11_. The thrust parallel

to velocity maheuver was selected on t_e basis of propellant economy.

An error analysis was made to indicate the amount of added propulsion

velocity required to allow for probable deviations in the guidance

and propulsion systems. A midcourse guidance system capable of

reducing position and velocity errors to 1 n mi and 3 fps respectively

at the injection point resulted in an elliptical path deviating only

slightly from the intended 50 n mi circular orbit. If the thrnst

deviated from the design value by -1 percent while the propellant flow-

rate remained at the nominal value (i.e., a 1 percent decrease in

specific impulse) the resultant orbit would be an ellipse of approxi-

mately 75 n mi apoapsis and 50 n mi periapsis. This can be compensated

for by expending an additional 30 fps velocity increment at the 50 n mi

periapsis. Calculation of the effects of cutoff impulse deviations

indicate that the anticipated deviations would result in approximately

0.5 fps velocity errors.

After completing the 50 n mi orbit establishment maneuver and selecting

the landing site the vehicle trajectory is converted to a 50 n mi by

30,000 ft ellipse. The perigee of the ellipse is the point from which

the final descent maneuver will be initiated. To obtain this ellipse

a retrothrust is applied 180 deg around the initial circle from the

point at which the perigee is desired. The magnitude of this velocity

increment is 60 fps.
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The purpose of this maneuver is twofold. Primarily, it is performed to

allow the final descent to be made under continuous power without exces-

sive propellant consumption, If a constant thrust descent were made from

50 n mi the velocity requirement would be significantly higher than for

descent from 50_000 ft due to the lower thrust level and consequent longer

....burning time required by the former case.

.'2

A secondary purpose of this maneuver is to provide closer observation of

the landing area. This is really more of an incidental advantage than an

intended purpose since it is probable that adequate reconnaissance would

have already been accomplished from the circular orbit.

The height of ]0 000 ft was selected as minimum altitude based on knowl-

edge of ltmar topography° tIigher prominances on the dark side may dictate

a higher altitude. Conversely, if it were known that no high _reas ex-

isted along the orbital path near periapsis_ a lower altitude might be

selected to reduce the final landing propellant consumption.

An anlysis was made to determine the effect oi" an error in applying

the velocity increment (AV) at the 50 n mi apoapsis, A 1 percent
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error in ZIV would result in a perlapsls altitude error of 2700"ft.

There would also be periapsis velocity errors; however, from a propellant

requirement standpoint, these would be compensated by the oppositely

directed altitude errors.

The descent from 30,000 ft is accomplished using a constant thrust engine

with the thrust vector, always oriented opposite-to and colinear with

the velocity vector. This trajectory results in low propellant con-

sumption but is restricted in the sense thst only one thrust-to-weight

ratio can $e used to bring the vehicle to zero velocity at a given

altitude from the perlapsi§. For the 30,000 ft periapsis this thrust-

to-weight r8tio is 0.68 earth g. The ratio can be decreased by initiat-

ing thrust at points other than the periapsis. However, more pro-

pellant would be ¢ongt_med by so doing, and it happens that, quite fortunately,

the 0.68 ratio is approximately optimum from a propellant vs engine

weight balance. The ideal velocity increment required for this maneuver

is 5680 fps.

An altitude of 2-600 ft at zero velocity results from the selected tra-

jectory pnr_meters given in the previous paragraphs. This altitude

was selected to accommodate thrust vector errors of 0.5 ° and 1 percent

in direction and magnitude respectively whi6h could cause deviations of
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as much as 2500 ft in the f'inal altitude. Associated _ith t.h_, altitude

error is .also the possibility of incurring laterial deviations of up to

3000 ft which must be corrected durin_ the final maneuver.

A maneuver employing a landin$ site beacon may be used to correct

deviations from the desired landing trajectory dlming flight. This

system would hay@ the advanta_e of landin_ the ve_icle directly on

the target at zero veiocity so that no additional hoverin;_ or lateral

mnneuver would be required end consequently a lower ove'all velocity

increment would be needed.

A study of such a guided landing maneuver was beT_n, but results were

not realized in the contr_ct period. Based on the partial results

obtained it is believe_d that a _uided system _:ith throttled engine could be

devised to land with a velocity incr_m_ent approxLmnte[y lO0 fps greater

than that of the _ '_ . ._ ! _._ ,_t_ru_t-p<_r ....le_-to-v io. ity m`aneuw_r '_;ith no hovering

maneuver included, i.e._ spproximqtely 5980 fps AV.

As a result of the constant thrust deorbitin_[ _naneuver it was stated that

" the maneuver '_'euld ter:-inc,te st _n _-.%ititude of from l_) to 5100 ft and a

igtera] _,osition error as Freat _s 3000 ft. A timottlable prop'_lsion

_v_,,_,,,_'es ?,_[ccted to co'uulot( the %_rmi.nal phase of the landin_ m_un_uver
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Conmiderlng an i_itlal position of 5100 ft altitude and 3000 ft dis-

placement, t_e vehicle would be allowed to fall for a short time to

establ_sh a 40 fps descent velocity. Alternately, the thrust could

be terminated on the previous phase wh_le 40_ps descent velocity still

r_aained. The thrust level _s then adjusted to provide a vertical thrust-

to-weight ratio of 1.0 (lunar) so that a constant descent trajectory results.

The descent time (tb) _s then approximately 128 sec. During this time the

vehicle must f_rst accelerate laterally towards the target and then

decelerate to zero lateral velocity. The acceleration required to

accomplish tb_s _s O.139 lunar g which _s d_rected towards the target

for the f_rst 64 sec and away from _t for the last 64 sec. The net

thrust-to-welght is then I.O1. The burnout thrust-to-weight from the

previous maneuver is 6.27; th_s is the magnitude of the throttl2ng ratio

at the beginning of th_s mane,wet. The ideal velocity requirement is
f

then calculated to be 680 fps from

v - (F/W)gotb

This results in.a f_rtker throttling:ratio of 1.06. The over all

throttling ratio of 6.6 can be acc_mpllshed by actual th'rottl_ng of a

single englne, or alternately if the _n_tlal throttl_ng is accomplished

by shutting down some of the engines of a clustered system I the actual

throttl_ng requirement is then only about 6 percent.
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A short burst of additional thrust is ap_lled when nearing touchdown to

reduce the velocJty to a small value on contact. An addlt_onal allowance

of hO fps. was made for th_s f_nal braking thus bringing the total to

720 fps. The hO fps descent velocity was selected as a compromise between
\

gett_nE down as Ou_ckly as possible to m_n_mlze propellant consumption

and descending as slowly as possible to allow for translation and to mlnimSze

the poss5b_lSty of vehicle damage if the fSnal propulsive burst were not

correctly aopl_ed. Various methods of _mpact shock abatement have been

found 5n the 15terature (gas f_lled bags, frangible materials, etc.) but

it appears that retro-rocket braking is most suitable for absorbing the

large amountw of energy _nvolved in this maneuver.

The alternate extreme situation _n which the descent from orbit maneuver

places the vehicle near the ground (1OO ft altit4hde) but displaced from

the target by 300 ft should be considered. The propellant requirements

for th_s landing are not as high as the previous case because the burning

time can be shorter and a h_gher thrust level can be used in the d_rection

of translation. For example, _f a 5 fps descent rate is maintained to

ground contact, the horizontal acceleration wl]l be 30 ft/sec 2 and the

propulsion velocity requirement is 610 [ps.
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LUNAR TAKEOFF A.ND ORBIT ESTABLISHMENT

The maneuver possibilities investigated for the return voyage are shown in

Fig. 3-I141 the shaded areas represent the recommended maneuvers for this

phase of the mlsslon.

The results of the studies presented In the interim report show that the

m_nlmum propulsion velocity Is required by a thrust parallel to velocity

maneuver which places the vehicle directly in the transfer trajectory.

The velocity requSrements are shown in Fig. 2-124 The disadvantage

of this maneuver is that a specific burnout angle is associated with each

thrust-to-weight ratio and transfer time. Since the vehicle may have

landed from orbit on any point on the lunar surface the above take off

maneuver will, in general, not result in the proper orientation of the

velocity vector at burnout. It should be mentioned that if the landing

was accomplished d_rectly w_thout the use of an intermediate orbit then

the d_rect takeoff w_ll result in near correct velocity orientation at

burnout and is applicable. In the general case the vehicle would rise

vertlca]ly for a short tlme, rotate the velocity vector, and then direct

thrust parallel to velocity unt_l the flight conditions are such that

_p" Q

the veMcle coasts to a 50 n ml apoapsis after the thrust is terminated.

At the 50 n ml altitude the engine is relgrdted and a varlabl_ pitch angle

program Is initiated in which the thrust vector is oriented so as to main-

taln the altitude while increasing the circumferential velocity until
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orbital velocity _s r_ached. The first burnout conditions (magnitude

and dflrectflon of the velocity vector and altitude) are such that if

reflgnitlon at the 50 n ml altitude fails, the vehicle will be in an

e]llptlcal orbit which does not intercept the lunar surface. The

f

velocity requirements for this maneuver are shown in Fig. 2-_27

Errors in the orbit establ_shment are not critical because they can be

compensated for when the injection into the Earth return transfer trajectory

is acccmplflshed.

e

]

RETURN TRANSFER_ MIDCOURSE, AND RE-ENTRY

The 2.6 day return trip was selected for the same reasons mentioned

in Section YI. Propulsion velocity requirements are shown in F_g.

2-115 and 2-116. The maneuver Is executed by aligning' the thrust

vector wdth the velocity vector until the desired hyperbolic velocity

_s obtained. This thrust program minimizes the propellant consumption

requirements. An a11owance of 150 fps was made f_r mldcourse correction

maneuver propulsion.

A study of the dynamics of re-entry using atmospheric braking is beyond

the scope of th_s report. The factors finvolved _n the optimization

are the deceleratdve forces, the maximum heat transfer rate, the total

heat transferred, and the veloeflty required to prevent skipping out of

"_ ') i--9. _-32o8
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the atmosphere. References 2 and i0 infer that aerodynsmic re-entry is

possible. Since adequate information was not available to determine the

weight of the re-entry system this equipment Rust be considered as part

of the payload weight in this report.

LUNAR VE_ICLF STAGING

For the lunar and return mission a large number of propulsive maneuvers

must be accomplished. The staging of the vehicle used to accompl_sh these
#

maneuvers can be designed in a variety of ways depending upon the vehicle

propellants, feed system, maneuver combinations, etc. It is the purpose

of th_s study to survey a number of lunar vehicle designs and from this

survey select the most desirable system(s), The desirability of a system

design will depend upon the performance in terms of the delivered payload,

system complexity, and the general attractiveness of the maneuver-staging

comb_ nations.

Two lunar landing and return maneuver methods have been selected for

i consideration: (1) direct lunar landing, and (2) landing from lunar

orbit. T_e propulsive maneuvers of which these m_ss_ons _e _mprised
Q

sre l_sted 2n the maneuver key,Table 3-13. Both methods consider a mission

Jn2tjated _n an Earth satellite orbit, an Earth/Moon transfer, and m_d-

course trajectory correctJ ons. The d_rect lunar larding proceeds to
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contact the lunar surface directly from the transfer phase. The landing

from lunar orbit f_r,t estab1_shes a ser_es of lunar orbits and then

?proceeds to contact the surface. Similar procedures are used _n takeoff

from the Moon and return to Earth.

Th_s staging study c0ns_ders the lunar mission from its _n_t_atlon in

an earth satell_te orbit until the vehicle is on the Moon/Earth transfer

back to Earth. The lunar landing and return m_sslon _s initiated from

a 300 n m_ earth orbit. The vehicle gross weight was 354,000 pounds; the

payload which can be placed _n a 300 n mi earth Orbit by a NOVA H-6 booster.

The determine vehicle staging for this mlss_on, ten separate maneuvers were

considered (Table 3-13). Nominal velocity _ncrements are g_ven to indicate

the magnitude of each maneuver considered. The actual velocities used in

the study varied slightly from tb_s value depending upon the thrust-to-

weight ratio.

The four propulsion systems d_scussed in another section of this report

were considered for this study. These two propellant combinations

(MONj_H and LO2/LH2) and feed systems (pump and pressure-fed) represent a

range of propulsion system _ar_ab]es sufficient to _nd!cate any effects

that may result.



TABLE 3-13

/

l_st_t_on

A

B

C

D

E

F

G

H

I

J

_¢neuver

Nominal

Velocity increnent, f

2.6 day Earth/Moon transfer 10,250

_2

Two mid-course trajectory corrections 300

50 nml lunar orbit establishment 3250

Low altitude elliptical orbit establishment 60

Descent from low altitude elliptic orbit • 5800

Terminal maneuver; includes capability

for hovering and translation 700

Takeoff to 50 nmi lunar orbit 5750

2.6 day Moon/Earth transfer from lunar orbit 3250

Direct landing from 2.6 day transfer 9200

Direct takeoff; thrust-parallel-to-velocity; 9550

2.6 day Moon/Earth Transfer

Q
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Where applicable the optimum thrust-to-welght ratio curve of Section

were used to estimate stage thrust level. In other cases specific

optimlzatlons were conducted.

Staging was considered only at the beginning of maneuvers. The reason

for this was that it was felt that the most critical phase of propulsion

system operation is the startup. The orbital landing maneuvers were

devised in such a manner that noncatas_roph_c propulsion system failure

at the beginning of any maneuver would not result in the vehicle

crashing. The same is true for the d_rect lunar landing and return

m_ss_on (except for the actual landing phase), and the same staging

ph_losopby was therefore employed for this mission.

Earth/Moon Transfer Phase

*Maneuver A - 2.6 day Earth_oon Transfer. The four propulsion systems

d_scussed previously, plus a sol_d propellant propulsion syst_, were

compared for the Earth/Moon transfer maneuver. The results of the vehicle

comparison for this maneuver are shown in Fig. 3-II_. These five vehicles

are based upon a 354,000 Ib gross weight in a 300 n ml earth orbit. The

maneuver was not considered strenuous engough to require more than a single

stage. The payload weights are shown and relative magnitude indicated.

For the l_quld propellant systems the h_gher thrust levels of the pump

fed systems were selected from the thr_st optim_zst_on curve and are
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d_ctated by the lower engine speciflo weights. The _dgh thrust of

the solid propellant system was corm_dered necessary because of the

sol_d propellant requirement for short burning times. The resultant

propellant fractions ()_p) are indicative of the engine sp_i'c wmight,

the type of feed system and propellant, and the amount of propellant

burned. These propellant fractions are somewhat higher than those that

might be normall_ associated _th these propulsion systems. This is

because of the thrust-to-_eight ratios of those space systems being

considerably lower than those of coaparable earth oeration systems.

Because of the large payload advantage of the Liquid Oxygen/Liquld

Hydrogen pump-fed propulsion system, it vas a'elected as the or_

liquid prelqellant system to accomplish this first maneuver: For the

short times that the propellants of this stage must be storedp no

diffioultles are anticipated wlth the X_lquid OxTgen/Liquid E_drogen

combluat_ou.

Maneuver B - Mid-course Tra ect Correotlone. The aid-course

trajectory corTectlon energy requirements as described in the maneuver

seet_on are very small as Indicated by the table. This small propulsion

requirement may be provided by br_ef_T fL-'Ing the main engine to avoid the

complexity of a separate propulsion system. Two co_slderat_ons must be

made when using the ma|m propulsion system| (I) propellant seltling
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prior to firing, and (2) the magnitude of the cutoff impulse. The

former problem may be solved by firing a 1-1b-thrust settling engine

for several minutes orior to main engine ignition. _hls engine may be

fed fro_ the same storable propellant source as the attitude control

......._propulsion system. The relatively long settling time does not preclude

the use the low thrust system because the time at which the midcourse

correction is to be applied is'_known and the firing of the small engine

can be programmed to lead the main engine firing by the appropriate amount.

Analysis of the effects of cutoff imp:_ise deviations indicates that the

anticipated deviations would generally result in'uncertalnties in

velocity of less than 1 fps. Thus, the propellant settling engide could

again be used as a vernier correction system.

./

For purposes of this study a weight allowance is made for a propulsion

system to accomplish the mid-course corrections.

is based on the MON/MMH pressure-fed system.

Orbit Landin_ and Return Mission

This weight allowance

Maneuver C - 50 n mi Lunar Orbit Establishment. The results of the vehicle

comparison for this maneuver are shown in Fig. 3-116. Six vehicle con-

figurations were compared for this maneuver. The first four systems .
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considered the F_rth/Moon transfer maneuver (A) to have been performed

by a Liquid Oxygen/Liquid Hydrogen p_p-fe_ stave, and compares the

(for this orbltestabllshment maneuver) four propulsion systems

discussed previously. The other vehicles considered were a single-stage,

Liquid Oxygen/Liquid Hydrogen pump-fed system that provides both the

Earth/Moon transfer velocity and the lunar orbit establishment velocity

increment, and a two-stage solid propellant vehicle.

The payloads in lunar orbit and the characteristics of the second stage

are indicated. Thrust-to-weight ratios of the stages were determined

from the optimization curves. The thrust available for the lunar orbit

establishment in the single stage vehicle was dictated by that used in

the Earth/Moon transfer.

All of the liquid propellant systems provide payloads of similar magnitude.

The solid propellant system provides considerably less payload. The

payload in luner orbit indicates two systems worthy of further considera-

tion. These are _he Liquid Oxygen/Liquid Hydrogen pump-fed, two-stage

and single-stage vehicles. ,_.

Maneuve T D - LoW Altitude Elliptical 0rbi_ EsSablishment. This maneuver

places the space vehicle on a 50 n. mi. x 30,000 ft elliptical orbit,

a very_fficient method of _ringing the vehicle to a low altitude. The
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main propulsion system could be briefly fired agaSn for th_s maneuver.

Propellant settl_ng would be accomplished by the same system employed

for that purpose in the mld-course maneuvers. Here again, the deviation

_n velocity due to cutoff impulse uneerta_ntles _s less than I fps. The

effect of this error on the periapsis Is not severe and may be compensated

for by the next maneuver.

Maneuver B&F Lunar Descent and Landing. Table 3-14 describes in detail

the systems considered from earth orbit to lunar landing, and indicates

the payload on the lunar surface for each of,these systems. Seven

combinations were consJdered ranging from four stages to a s_ngle stage.

The propulsive maneuvers accomplished by each stage are indicated by

the letter designation defined _n the maneuver table (Table 3-13). The

amount of throttling, both step and continuous, _s indicated as well as

the number of restarts.

This comparison _s made to study the various staging methods of contact-

ing the lunar surface• Maneuvers E and F as described In the table are

used to achieve contact. Inherent in maneuver F _s a hovering phase of

operation which requires that a tb_ st-to-weight ratio of i.O (lunar) be

maintained. Th_s phase of operation d2ctates the throttling require-

ments. Yn the combinations where maneuver F was performed by a separate

system, from the one accompl_sh2ng maneuver E, a parallel system was con-

s_dered. The parallel system means that there are two propulsion systems

Q
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in the ._,m _ta_e. Hie p_raiLel ._v,_tex_l wa_ cqm_Jdered tnsteadp.l' vehicle

st,agin_ durin/ the tel'mii_ll manruver because o[' the inel'l.'iciency of

sta_ing for such a small propals_ve maneuver and the difficulty of

complish_nF, the sta_ng in this type of maneuver. Th_s terminal

!and_n_ system would be _grdted before s}ntdown of the larger system

so that thrre would be no period of free fall during thSs terminal maneuver.

An alternative to using a parallel system would be step throttling the

system used to cancel the orbital velocity (Maneuver E). This system

would require step throttling by as much as 8:1. Step throttlJng can

be accemplJshed by eJther a single engine or a cluster of engines as

described in the dJflcussJon of throttling. No d_ffJculty is antlcJpated

with either method of operation. The redundancy and, therefore, rella-

bJ]Ity poss_bJllt5es available with the clustered engine concept may

render _t the more desirable method.

From the comnarlson of payload capabJ]Ity three systems appear Interesting:

Istems I, IV, and VI. System T ,_ses a se{arate Liquid Oxygen/LJquld

qydro_en, _,mp-fed storage for each ma_or F_p.ul_jve mane_ver. Th_s

_s not considered f,m+her because the sma]_ ,_ay]oad cain does not appear

So warrant the J_creas_J n,_mber of sta_es. The other two _q st_S _oth

appear attractive and wJ ___ be _onsidered further.
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Maneuvers G an_ H - Takeoff and Return to V_arth. For the lunar

takeoff and return to F_rth a comb2nation of maneuvers G and H are gen-

erally considered. Th_s use of a lunar orbSt allows a greater variety

of lunar takeoff sites as d_scussed previously . The maneuver (G)

used for" orbit establishment uses a trajectory w_th aa _ntermed_ate coast

ph%se. This maneuver requires a restart after the coast phase to initiate

the portion of the maneuver that establishes the orbit. Although this

restart is not crit_cal, because the f_rst phase of the maneuver establibhes

the vehicle _n an ell2pt_cal orbit, _t may be eliminated through use of a

powered-all-the-way trajectory. As a compar2son Maneuver J, a d2rect

takeoff Is included.
0

Seven sta_ng comb2nat_ons were stud_ed; the results are presented in

Tab]e3-1_ The f_rst s_x systems 2n the table use the f_rst stage to

accomplish the Earth/Moon transfer alone• The seventh system uses the

f_rst to accomplish both the transfer and orbSt establishment maneuvers

(A, c).

Of all of the operational phases of the lunar landing and return miss_on_

the return maneuver is the phase in which propellant storage problems are

most l_kely to be encountered. The moderately long storage times (a week

to 10 days) necessary, and the fact that this is the smallest stage of

the entire vehicle may create d_fficulties in maintaining cryogenic pro-

pe]lants. Figure 3-5_ indicates that for the vehicle sizes
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being considered here the cryo-'enic combinations could be used with

no difficulties. A reduction in the size of the'over-all space
'9

vehicle may, however, cause the storable propellant systems to be

more attractive.

Keeping these considerations fn mind Systems II and V wel_e eliminated

from the payload capability standpoint. Systems I and III are essen-

tially the same with the maneuver combinations of System I offering

more flexibility. From consideration of stagin_ and the payload

e

capability Syst_/n VII is felt to b__ the most desirable.

_Direct Landinp and Return Mission

The analysis of the 2.6 day transfer from a 300 n mi earth orbit to the

moon performed in the previous section is applicable to both direct and

orbital lunar landing_ Superiority of the p_np-fed Liquid Oxygen/Liquid

Hydrogen system was found as shown in Fig. 3-!16. The payload capability

of this stage was 151,5OO lb when the mid-course correction propulsion

/requirement was inclv_ed.

M_neuver I - Direct Lunar Lan_ing. Havin_ selectec_ the liquid _cjgen/

liquid Hydrogen pump-fed system for t_:_ £irst propul_ion phase, the



next step was to consider the effects of {1} _._I;_: thla step fox', 1_e

d_rect lunar landing and (2)Starting a second stage for th_s maneuver.

The results are shown in Fig. 3-I_7.

When staging took place after the transfer maneuver, the payload landed

on the moon by the second sta_e depended on the propulsion system

selee_ed for that _tage. Here again the liquid oxygen/liquid hydrogen

p_p-fed system stood out _n payload capability 'and was selected for

further study. S_nce no storage problem:was anticipated for vehicles

of this size, the MON/MMH systems were elimimated as well as the pressure-

fed liquid oxygen/l_quid hydrogen landing stages on the basis of payload.

The s_ngle-stage liquid oxygen/liquid hydrogen pump-fed systez was also

retained for its simplicity, notwithstanding the I0 percent payload

shortcoming of this system. When considering the singYe stage for both

maneuvers (transfer and landlng) a different optimum thrust-to-weight

was obtained than for the transfer maneuver alone. This was because of

the fact that the initial thrust-to-weight for the landing maneuver

depends on the Inlt_al thrust-to-weight for the transfer maneuver. Since

the optimut thrust-to-welght for the landing was higher than that result-

Ing from the optimum thrust-to-weight of the transfer, the initial thrust-

to-weight for the dual maneuver was therefore greater than that of the

transfer. The optim_ thrust-to-welght was a compromise c_ the require-

ments of the Indlv_dual maneuvers.
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The presaure-fed systems exhibited lower optimum thrust-to-weight ratios

than the p,mp-fed systems primarily because of the heavy en_nes employed

by the pressure-fed configurations. Thus, although increasing the thrust

bevel ter_'ed to reduce the propellant and tank weights the engine weights

soon overrode this advantage.

There was a rather broad region near the optimum thrust-to-weight ratio

where the pa_load variationwith thrust-to-weight was quite smallp as

shown in Fig.3-118,which was drawn for the selected liquid oxygen/liquid

hydrogen pump-fed second stage. The other stages considered exhibited an

analogous behavior in this respect.

The unusually high thrust-to-weight ratios at which the second stages

optimized are due malnly to the shape of the velocity increment, AV, vs

thrust-to-weight curve for the landing maneuver. A comparison of the

'4_.
curves for vertical land_ ng w_th a thrust-ant_parallel-to-veloc_ty

maneuver is shown in Fig. 2-122_ The generally loner velocity

_ncrement and the more pronounced 1knee" of the latter curve permit operation

at lower values of thrust-to-weight before prohibitive velocity requirements

are encountered. The high _Y of the direct descent maneuver is due to the

high gravity losses associated with the vertical velocity vector during

f_ring.
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The relative shapes and positions of these curves also explain

why the payload capability of the vehicle using the direct landing

maneuver is less than that of the vehicle employing the orbital landing

technique. This is because the curve _or the arbital landing more

closely resembles that of the thrust-parallel-to-velocity maneuver

than the curve for the vertical landing.
J

Maneuver J .. Direct _ak89_.f and Retur_ to Earth. The staging for the

return trip was next investigated. Using the gross weight available

from the two-stage transfer-landing vehicle, several feed system and

propellant combinations were considered for the return stage. Results

of these analyses are presented in Fig. 3-119 and show the psylosd

advantage of the liquid oxygen/liquid hydrogen pump-fed system. Substitution

of the pump-fed, storable third stage resulted in a_2O percent payload loss.,

_o-etage vehicles were also considered fQr the total mission. To mini-

raise payload losses, the first stage of these vehicles was selected as the

liquid oxygen/liquid hydrogen pump-fed system. A similar system was used

as the second stage and two methods of staging were studied, (i) staging

after transfer, and (2) staging after lunar landing. The for_er resulted

in a payload of 26,800 i_ and the latter 26,300 lb. A storable

second stage was then substituted in the latter case and the payload

available for earth re-ent_y dropped to 19,000 lb.
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Despite a I0 percent payload disadvantage the two-stage pump-fed liquid

orygen/liqu_d hydrogen vehicle was selected in preference to the three

stage configuration. The reason for this choice was the" inherent

s1_pl_c_ty and lower cost of the two-stage system. Staging after landlng

was preferred because this arrangement permits the _andlng to be accomplished

by the already proven transfer propulsion system, and also because any

damage to the landing engine at touchdown would not affect the return pro-

pulslon system.

The study of space environment ihdicatcd ttmu _tovab_e of the

cryogenic propellants on the moon is not problematical enough to warrant

substitution of storable propellants for the return stage. This section

shows that, depending on the amount of thermal conduction by the structure,

storage times of from I month to 3 years are possible. The former represent_

a very pess_mlstlc conduction eStlmate and the latter represents the

s_tuat_on of no structural conduction. F_gure 3-3_L represent_

a couductien es_Ja_t.e of 1(} btu/hr whi.ch resulLs _n an al.l._h£e

storage t_me of a_rrox_mately 8 months.

The "_ar_at2on of payload w2th second stage thrust-to-welght of the

selected system _s shown in F_g._120. The extremely broad peak of t,h_s

curve _ndicates that the thrust level could be varied from 35,000 %o

90_(K)O-ib theist w_th no s_dflcant loss in payi_d.
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RECOMMENDATIONS FOR LUNAR LANDING AND RETURN MISSION USING AN

INTFaMFDIATE LUNAR ORBIT

Applicability

•Lunar landing and return missions using intermediate lunar orbits are
:7

suggested for use with manned payloads• Maneuvers used in the vicinity

of the lunar surface provide a systematic, reliable method of landing.

This step-by-step approach is compatable with existing guidance and pro-

puls_on system a6curacies. The use of the intermediate orbits not only

provides ample epportunlty for landing selectlo_ but provides mission

flexibility and reliability for manned missions.

Maneuvers
i IL,

The space vehicle will provide the propulsion to leave the earth orbit

and achieve the velocity required for the Earth/Moon transfer; a thrust

parallel to velocity maneuver can be employed. A series of mid-course

trajectory corrections are applied during the transfer.

In the vicinity of the Moon thrust is applied anti-parallel to velocity

to establish a lunar orbit (50 n mi). After observing the Moon for some

period of time and selecting a tentative landing site, a small velocity

increment is supplied to establish a 30,000 ft by 50 n mi elliptical

orbit. From the perlapsds of this orbit a thrust antl-parallel to velocity
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maneuver is used.to arrive at a point close to the lunar surface. The

altitude of thi_ point is governed by the guidance and propulsion system

accuracies. From this point a constant velocity descent results In

contact with the lunar surface. Included in thls latter phase is the

capability of a 3,_OO ft translation. The takeoff and return to earth maneuver

includes the establishment of a lunar orbit before begirm_Ing the return

transfer.

#

Veh_ cle

The space vehicle recommended for this method of accomplishing the lunar

landing and return Js described in Table 5-16. This spaee vehicle can be

placed into a 300 n m_ earth s_te!i_te orbit by a NOVA H-6 booster

vehicle. It w_11 perform a soft !andlng on the lunar surface, takeoff,

and place a 29,5_) !b payload on a coast trajectory to earth. Th_s

29,500 ]b _ncludes the weight Of trajectory correction systems for the

return tr_p and any _e-entry systems required.

Th4s _:pace _eh_cle consists of two stages and main propulsion systems

which are ou_p-fed u_Ing the llqu_d oxygen/liquld h_drogmn pro_ellant



C,-_lvl$1Or4 OF NOf_T_-t AIVlF_.RICAN AVIATION. IN I'*

:tABLE 3-16

I.['?(I_{ [..U, DI.X_G ._.ND n]'J'l_;}_ k_ VI']tlCLE USING .¥q
r

INTEIL_fEDIATE Lb._AR ORBIT

"i

©

Payload _ieight on Hoon Earth Transfer, lb

Stage Two

Propellants

Feed System

Throttling

Re,starts

Gross l_'eight, lb

Thrust, lb

Number of Engines

(1 Redundant: 1 Throttleable)

S rage One

Propel 1 ,ants

Feed System

Restarts

Gross Weight, lb

Thrust, lb

Number of Engines

29,500

Lo 2/Ltt 2

Pump

o:1 Step
b Percent Continuous

4

1 lh, 000

91,000

7

LO2, Ltt2

Pump

3

35't 000

12.5,000

7"' qlD
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?
combination. Auxiliary propulsion systems are used to accomplish

attitude control maneuvers.

Q

The first stage of the vehicle which is initiated in Earth Orbit uses

a single engine producing 125,000-1b-thrust. This stage provides propul-

sion for the Earth/Moon transfer, is shut down, and then reignited to

be used in establishing the 50 n mi circular lunar oribt. Cutoff im-

pulse deviations do not appear to prohibit using the main engine for

midcourse correction.

The second stage is briefly used to change this orbit to a 50 n mix 30,000

ft elliptical orbit, and is then reignited to provide thrust for landing.

This second stage uses a seven engine cluster which produces a total thrust

of 91,000 lb. One of the engines is designed to be redundant. At the end

of the first phase of this descent from orbit all but one of the engines

are shut down to provide the step throttling necessary for hovering or

constant velocity descent• This remaining t4_gine is capable of being

continuously throttled by about 6 percent. The clustered engine technique

appears advantageOUs over the use of a single engine with 8:1 throttleability

ratio. The duration of this hovering maneuver depends upon the altitude

at the beginning of the hover phase and the amount of lateral movement de-

sired. T_ese are in turn determined by the accuracy of the guidance.

This terminal phase is ended and the last engine shut down when the vehicle

contacts the lunar surface.

For takeoff from the lunar surface, the_n_ne cluster is reignited and the

vehicle enters a low-altitude lunar obrit. The engine is again restarted

to leave the orbit for the return to Earth.
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R_CGMMENDATIORS FaR DIRECT LUHJR LAI_IHO

Direct landing is rec_umended for vehicles having slaple te_

guidance syste_ which sere only altitude and deseent rate during

the actual landing phase, and having constant t_st prepulelea

systems. _e mission Is ehe_aete_ized by restricted l_di_ _ea

eapabili_ and _ values ef a tw ailes.

,, /

The vehiele ne_ leave the assuned 300 n ni e_ erbi_ and achieve

veloelty to complete the transfer in 2.6 d_. Om el" here sdd-eeurse

oorreetions ere applied duri_ the transfer as detee_ained by the

guidanee 8ystem and acc_acy requirements.

at a wedetemtaed po_t abeve .the..lua_ _taee, t_rust _ _ed

radially to reduce the descent velocity to a snail value! tkrust •

is then ferried and the vehicle falls freely (exoept for attitude

con'trel). If the first bm_eut altitude is too _reat fr_ impa_t

veleeit_ eonsi_eratlon_, a seeond firing is aade which is telle_ed by

A_ee fall to _ lunr 8urfaee.
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The retch trajectory consists of a vertical rise until 2.6 day

_anofe_ velocity is _ttalued followed by _idceurse corrections "

to obtain the desired earth re-entry cc_ridor. "Aerodynamic re-entry

is us_.

A two-stage vehicle is rec_ended for the mission. Both stages

are propelled by putq_-fed liqued aaq_en_iquid hydrogen propulsion

sys_. Tke rec_ended configuration is illustrated in Table 3-17.

Staging is acooRplished on the lunsr surface with the following

advantagesz I) the _opulslon system used for the landing maneuver

is the smme one that has _even operable in the transfer maneuver,

az_ 2) if boattail d0mage is incurred upon touchdown the return

propulsion system will probably not be affected.

Attitude control systems are similar to those employed in the _rbital

landing lunsr mission, however, no abort system is needed far this

fission.
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, TABLE 3-177

RLC0_94L\DED SYSTl_i FOR DIRECT LUNAR

LANDING AND RETUI_ MISSION

Payload Available for Earth Re-entry, lb 26,300

Stage Two

Propellants

Feed System

ReStarts

Gross Weight, lb

Thrust, lb

Lo2/u 2
Pump

None

_,000

56, ooo

Stage One

Propellants

Feed System

Restarts

Gross Weight, lb

Thrust, lb

Pump

/,

35'_ ,ooo

2h8,000
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Abort PFopulsio n

The propulsion requirements for suborbital a_d suparorblt_ aborts

can be+ satisfied by the main propulsion systm as stated in the

mission analysis section. I system for high dyn_c pressure and

llft_ff abcr_ is also described in that section. A cluster of

fo_ solid propellant rockete, each having a thrust-to-weight ratio

of four (based on payload capsule weight), and a burning time of

5 sec is recc_ended. These are to be fired either two at a time

c_ silultanoously depe_g upon the dy_c press_e level at

abetS. For a suceessd_ launch with noearly abort requirements the

solid rocket propulsion system may be Jettisoned altar leaving

the high dT_e pressure region.

J_titud e Con_ol

The a_titude oon_ol requirements ma7 be divided into two areasz

(I) when the main propulsion system is firing, and (2) during

coast phase. The main propulsion system should include the capability

Of gimbmllng the thrust chanber to provide pitch a_ yaw a_titude

eon_ol. The magnitude of the gimbaling requirement is dependent

upon the dy_c8 of the missile. Xoll-_titude control is required



during _As phase not only to positioa the vehicle, but also to

eoun_act the terques caused _ nain engine thrust 'vecter nlsalign-

nent during giabaling. Two 25-1b-thrust engines would be adequate

. for this p_pose. The engines would be hinged and Iounted on the

oircumferenee of the final stage. The propellants would be supplied

by the smae pressure source (p_ press_e-feed) U the m_Lu engines.

Reference 3 pointed out the desirability of maintaining oontinuou8

three-sxis attitude oontrol a_u% a 5 deg dead band to elinlnate

a oemplieated seereh prooedure to establish vehicle e_ie_atien

later in the aisslon. The reference concluded that this san b_

done with a presses-fed, sterable-propellant, fixed-thrust

(0.5 ib pe_ engine) systel weighing approxinately 50 lb. _hen the

propellant is scaled to the longf duration of the 2.6 day transf_

the weight becoaes approxiaately 70 lb. This includes propellants,

pltmblng, and six engines.

EFFECTS C_ BOOSTN_ SIZE

The purpose of this study srea was to determine the effects of

using different boosters upon the phLlosophy employed in the design

of the i_ spaoe vehicle. It yes/_cognized that the payloads of

the differentl_ staged vehicles would not sh_t drastically relative



to each other when the initial vehicle weight was change_. The

method of analysis then was to a_sume the same velocity increment

per stage as in the n_inal vehicle s_ and to assume temporarily

that liquid oxygen/liquid hydrogen propulsion systems were used.

The payload and seco_ stage Kross weight thus derived were used

as the b_is for conclusions concerning the type of mission,

propellant, combination, and feed system to be r_ommended for the

vehicles which would be the upper stagee of the various boosters

eonaidered. Tbese resul_ ere s_mlri_ed in Table 3-18 .

I

Js the gross weight of a stage decreases the relative weight of

the tank insulation increases as de_omtrated in the section of

this report concerning insulation weights. Figure 3-3_ ef that

section shows the storage time beyond wbie_ the weight of t_

insulation for the liquid ex_gem/liquid b_ogen becomes prohibitive

when compared on the basis of p_yload oapabllitles with a storable

propellant system of similr propellant weight. The relatively

pessimistic assumption of IOO Btu/Mr s_ructural conduction is appli-

cable to thls graph. _rtrapolation of this figure indicates that even

for the smallest booster system considered (the C-l) a stopover time

on the _oon e_ about 60 br is allowable before the insulation weight

dictate_ that storable _opellants _ considered for the second stage.
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Another effect of booster selection is the type of mission to

be flown. If it is assumed that the manned systems require a

returned paylos_ of approximately I0,000 ib it is seen that the H-2

booster is marginally inadequate and the C-I is certainly _seless

for this mission. These vehicles would then fly the _unmanned missions .
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In trips to other plant, is or the moon, life oll lht'sc bodies musl be pro-

tooted from any Earth spocies which ulighl, prove toxic. _¢hert, surface con-

tact is possible the space vehicle must lw sterlizied. Precautions must

also I)(' tak(,n to t)rev(,_lt"coutamimtti.on in pVOlll, of syst{)nl [ai].tll'e. Wht, r(,

thp propulsion sxst_,m rt, starts _t must in _eneral be pur_ed a['tor shutdown

of the previous t'irin_.

,o

In a(ly. propulsion system a aumber of tradeofrs nlllSl be consider(,(l in Lilt'

system design. rhes_, will bt' facilitai, ed })v tit(, _ls_, or (,xchan_c f;ict.ors

or influence coefficients which relate a change in some param_,tcr to its

effect on t.h(, system. Alternat, e methods and missions may be contemplaf.ed,

and should" 1)e imlicat,(,d.



TABLE 5-19

GENERAL PROPUISIGN SYSTEM DESCRIPTION

I. Energy Requirements

A. Total Impulse Required (or Ideal Velocity Increment)

i. Maximum; Mission

2. Minim_; Mission
J

B. Maximm. Impulse (Velocity) Increment; Mission

C. Minimum Impulse (Velocity) Increment; Mission

D. Number of Increments

II. Thrust

A. Magnitude

i. Steady-State Design Thrust Magnitude

a. Thrust-to-Earth Weight Ratio

b. Absolute Value

2. Tolerance

_@. Engine-to-Engine

b. Run-to-Run

3. Throttling

a. Step

b. Continuous "

4. Accuracy of Thrust Pr_ramming

5. Number of Restarts

6. Type of Thrust Control
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( Con t,i ruled)

B. '_ansients

i. Start Sequence (IgnitAen _nd. Response Time)

2. Startup Impulse

a. Nominal

b. Tolerance
J

3. Cutoff Impulse

a. Nominal

b. Tolerance

4- Throttling Transition and Response Time

a. Step

b. Continuous

C. Thrust Vector Control

I. Vector Control Requirem_n%

2, Method of Control
I

_2_..Engine Thrust

b. I.,a't,_a.1.

ILl. Propellants

A. Compositiom

B. Mixture Ratio

i. Nominal

2. Tolerance

3. Mixture Ratio Range

1{-3208



C. Specific Impulse

i. Reference Engine Parameters

a. Mixture Ratio

b. Chamber Pressure

c. Expansion Ratio

2. Nominal Specifim Impulse at Reference Conditions

3. _tiuimum at Reference Conditions

a. Run-to-Run

b. Engine-to-Engine

D. Compatibility with Manned Missions

E. Contamination Effects on Alien Environment

F. Temperature Effects

i. Density

2. Vapor Pressure

3- Heat of Vaporization

h- Heat of Fusion

IV. Environmental Restrictions

A. Zero Gravity Propellant Supply

I. Liquld/Vapor Separation Requirement

2. Number of Zero Gravity Engine Starts

3* Separatio_ ,;lethod _" "

h, Tank Ventin_

a. Requirement

b. Method

3-35lj •1f--'520 _
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B. Spaee Storage o_ Propellants

i. Envlrenme_t

a. Thermal Radiation

b. Internal Heat Source

c. Ionizing Radiation

d. Meteoroids

2. Storage Time

3. Propellant Temperature Limits

4. Storage Methods
4

a. Exposed Surface Characterlstics

b. External Insulation

c. Internal Design

d. Propellant Boil-off

e. Meteeroid Shield

f. Deleterious Effects of Environment on Storage Methods

g. Attitude and Geometry Limits

C. Component Design Restrictions

i. Meteoroids, Puncture

2. Temperature

3. Ionizing Radiation, Materials

4. Vacuum-materials, Start

D. Launch Envlrom_e_t

1. Thermal

2. Handling



E@

TABI.I_ _- Ic)

( (',_ ,_ t,i ,,,_ _ /

Target or Payload Contamination

1. External Contamination Sources

ao Bacteriological (Li_-ing)

@

F. System Purging Requirements

•I. N amber of Purges

2. Type of Gas

3 • Sequence

b. Che.tical (Non-living)

Decontamination Methods

a. Cleaning

b. Sterilization

Contamination in Event of System Failure

V. System Reliability as a Functisn of Development

A. Component

B. Engine

C. Vehicle

VI. Off Design Operation

A. Exchange Facters for Perturbation from Nominal
• /

1. P_ir_ Operating Para_mters

Mixture Ratio

Ci_mbe r Pres s_a'e

Expa_sicn ,_atio

" ao

b°

C.

B.

d. [_u_ILst

2. Hardware Weight ._uivaient of Specific impulse

Alternate _;insion Performance

5--'%5_,



TABLE _-_o

/

I. A_n-a_ and Pr_pellantT_

A, l_'ope]3,m_:t,_

I. Propallaut D, sox'ip'_Lon

a° _p,11an_

b. Nominal Mix%ur, Raq_to

o, Propellan% Tjmperalmz_ Lb_qm

2. Usmg.b_ _opella_

a. Maximum

b. Minlmm,

b° P.e_Idu_l

0. bLl..o£f Reaez'v.

n, T,_ Lma_

2. Lmnmh
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Ta_k l'_smu'e _

Tlmrm_ OeBt,_l

at.. Olm,zul I.o_ls

e. _t, enu2

d. S_ Loads

t

Q
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C. Qa_ _ssu_ in l_opellan_ Tank

2. Tole_anoe

D. _ropella_ /Tope_

L _emo_.us_

L k_L_:mirk

L S_

2. TIw_LI

J

3, Zero Ozlvi_¥

F. We_

A, Propella_ Desorl/_q_a

2o ._amxl,lmmt,, l_rol_:r't_

b. Tolsranoo

I1. _ ,_.

1. Ii_

I



G. _ of F,_d sy_.m

_)
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SPECIFICATIONS OF RECOMMENDED PROPULSION SYSTEMS

In the analyses of Sections _, 5, and 6, certain propulsion systems were

recommended for use in the particular space missions considered. Using

the previous specification catalog as a guide, the specifications of these

propulsion systems are listed. The _lrst and second stage propulsion

systesms for the lunar landing and return mission Qusing an intermediate

orbit), and the Mars orbit establishment mission are described as well as
q

the propulsion system reco,w_ended for the orbital rendezvous mission.

These descriptions (Table 3--'Ito 3_)will provide useful propulsion syste_

information in addition to illustrating the specification catalog, The

soecifications shou_i be considered as preliminary. Further studies may

indicate that som_ modifications are desirable.

/
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TABLE 5-"I

!

SPACE PROPULSION SYSTEM SPKC_ICATIONS

Mars Orbit Estab!i_t Vehicle

Genoral ° Propulsion System Description

I. Energy Requiremants

J

A. Total Impulse Required

I. Ms.urn =

2. Minimum -

B. Maximum Impulse

3.3993 x !07 Ib-sec

2.0952 x 107 Ib-sec

i. Increment = 3.2907 x 107 ib-sec

2. Mission: Mars Intermediate Orbit Establishment

C. Minimum Velocity Increment

I. Increment _ 0 Ib-sec

2. Mission: Mars Intermediate Orbit Correction

D. Number of Increments = 3

II. Thrust

A. Magnitude

1. Steady-state Design Thrust Magnitude

a. Initial Thrust-to,Earth Weight Rati_ = 0o2470 - 0o3093

b. Absolute Value = 30,000 lb
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2. Tolerance
¢

"_"_ a. Engino-to-engine :
/

b. Run-to-run:

Q

3. Throttling

a. Step :

b. Continuous:

4. Number of Restarts:

IIl. Propellants

A. Composition

B. Mixtm_ Ratio

I. Nominal s

2. Tol_rance :

C. Specific Impulse

r+ 3.0 percent

+ Io0 percent

3:1

None

2

mquid Oxz_/Liq_td H_rog,_

5 (o/_) '

+ '0,5 percent
qm,

I. Reference Engine Parameters ,

a. Mixture Ratio: 5 (0_)

b. Chamber Pressure 500 psia

c. Expansio'n Ratio 30.

2_ Nominal Specific Impulse at Reference Conditions: h28 see



Environmsn tal Restrictions

A.

B@

Zero Gravity Propellant Supply

i. Liquld/Vapor Separatian R_qulremsnt: Provide liquid

propellant for engir_ start. Possible v_nting requirement.

8

Number of zero gravity engine starts: 3@

4.

Space Storage of Propellants

Earth-to-Mars vicinity

Storage Time : 250 days

Propellant Temperature Limits

a. Liquid (_n

Tank Vbnting, To relieve propellant heating problem.

i. Environment:

2.

3.

(I) Lower:

(2) Upper:

must not e]zeed, limit of propellant tank and

Propellant Freezing

Propellant _por pressure and density

Propellant Freesing

Propellant vmpor pressure and density

must not exceed limits of propellant

tank and engine.

eng_.

Liquid Hydrogen

(I) ur_r:

(2) _r:

b@

\
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C. Component Design Restrictions:

F@ System Purging Requirements:

I. Number of Purges:

Protect from, or Imalgn far
@

Earth-to-Mars vicinity.

2

• /

Q
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ll.,]_q[ _ 4[ _ K I! "_"B" !1]_ "Ik" _"q_Tl _.

TABLE 3-_1

SPACE PROPULSION SYBTNM SPDCIFICATIONS

Orbital Establishment and Rendezvous Vehicle

General Propulsion System Desaription

Ie Energy Requirements

A. Total Ideal Velocity Incroment Required = 2700 fpe

B. Maximum Velocity Increment

i. Increment = 2200 fp8

2. Missions 5 deg plane change

C. Minimum Velocity Increment

i. l_ement - I fpe

2. Mission s Remdesvous

D. Numbe_ of Increments

I. Maxiz_m - 4

2. Minimum = 2

E. Msxim_ C_%off Impulse Velocity Umce_taiaty = 0.5 fpe "

II. Thrust

A. Magnitud •

I. Stesdy-st_te Design Thrust Ma_itu_e

_' _. Initial Thruat-to-Esrth Weight Ratio = 0.I

b. Absolute Valuo = 12,000 ib



\

2. Tol,rsnoe

e

a. Fmgine-to-Engine s _ 3 percent

b. Run-to-Runt + 1 percent
@

Throttling

a. Step: None,

b. Continuous| None

4. Number of ReAtsrts_ 3

llI. Pro_llanta

A. Composition_

B. Mixture Ratio

Mixe_ Oxides of Nit_ogen/_ethylhydrazlzm

IV. Environmental ReAtr ictions

A. Zer6 Qravity Propellant Supply

i. Liquld/Vapar Sepsration Requirement: Provide liquid for

engine start.

2. Tolerance I _ O. 5 percent"

C. Speoiflc Impulse

I. Reference Engine Psrameters

b. Chamber Prese_e I 150 psia

o. E_rpansion Ratio I 25

2. Ncmlmal Engine Speoifie Impulse at Reference Gomditlams$ 317 eec

5-3._,_ I{,-32()H



• II

till

Fe

2. Number of Zero Gravity Engine St_rtss

4. Tank Venting! None

Space Storage of Propellants

I.

2.

3.

4

EnvLro_ment, Earth Vicinity

Starage Time, 1 hr" to 1 day (depe_ing on landi_ requirements)

Propellant Temperature Limits

a. Mi_ed Oxides of Nitrogen

(i) Lower: Freezing (-76 F)

-(2 ) Upper : Propellant vapor pressure an_ demmity shall

not exoeed liaits of propellant _ and engine.
:I

b. Monumethylh_ a_ine

(i) Lower, Freeslng (-63 F)

(2) Upper : Vapur pressure and density shall not exceed

propellan_ tank or engine limits.

Cx_onent Design Restrictionms Design far operation in eert_

vicinity space envirenment or _oviSe protection from the

•_ir oz_e nt.

System Purging Requlrementsl

I. Number of Purges: 3

Syst_n Component Requirements

I. Airframe and Propellant Tanks

. A. Propellants

,,- )_()_.



le Propellant Description

a. Propellants: Mixed Oxides of Ni_ogen/_onomethylh_s_ime

2. Useable Propellant Weight: 28,000 ib

3. Reserve Propellant Weight

a. Flight Performance: 280 lb

b. Boil-off : ,Rone

B. Tank Loads

i.

3.

4.

E. Zero Gravity Requirements

i. Gas/Liquid Sepsration:

engine starts.

2. Tank Venting8 _omm

Handling: 4 g Lateral

Atmosphere Flight: 8 g Axial

Space Flight: 4 g Kxial

Provide liquid propellants for

II. Pressurization System

A. Purposes of Pressurization:

propellants fr_ tank imto combination chamber

B. Gas Volume in Propell-_nt Tank

I. Increments: 4

Provide energy for expelling

"-- _-_() If-32 (),_



a_ Time z i D_v MaxL_um

2: Tharmal: Earth Vicinity

III. Engine System

A: Propellant Description

i. Propellants: Mixed Oxides of Nitrogen/MonomethylhydrazizB

3. Mixture Ratio

a. Nominal, 2.4 (°/F)

b. Tolerancev _+ 0.5 percent

B. Thrust :"

I. Nominal! 12,000 ib

2. Tol_ranc_

a. Run-tx>-Run, + i psrcen%

b. Eaeine-to-Engine, + 3 percent

C. Type of Feed Systm, Pressurized Gas

D. Speelfic Imrul_e

i. Nominal| 317 sec

G. Throttling Requir e_ent

I. Step: None

2. Continuous: No_

I. Environm.nt. Earth Vicinity



TABXE _2_

SPACE PR/)PULgION S_T_ SPECXFICA2XCB

/

a. z_aZ 11m,zt._-.zaz-_ _ same - 0.3_

b. abeoln'te Yalu, = 125,000 Ib

. a. S_,epJ, HeM

be Con_n_ut Nono
_-_ I_-_(_
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B_T_ _Y pJ__

I. A_-frms and I_pellant Tan_

II@

am r_uix_



a. xo__n,1,_;.o(o/i,)

b. _m'_t -_O.5 _t

I0 llmd.rlmmn'_, _ Vtotnl$¥ 8pmo
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TABLE _- !_,

8PAC_ I_OR/I_ S_TIR SPgCIFICA_OIm

9

Q_ERAL _P_LS_ S_T_ DESCRIPTI_

Q

A. Te_L1 labs1 VeloGit_ l,,rm, n_ Req,lred = 15,7_ A_pe

B. _ Teleelt¥ _%

2. Missioa, _ _ Orbi%

C. _inlun YeleeA_ Iaormm_

I. la=_m,_ - 60 A_e

2. M_, _MIi_al _'_Lt _hm,_
e

D. li,mbe¢- o£ Ias_mata " 6

rr.

A. _p,AtA,_

a. IalUal _-_e-_ar_ Wei_ Ramie - 0.68

b. Abs_Mmte Val=o = 77,500 ib

2. Teleras=o

a. _-t.-a_ia=, *-3

_D

b. R,_..'_-.Itlnm

n_ottA_=

a. step,

b. _oa_Lm_o_ _



m6

M_u_a oz_uia _m

X_. ]_rt_e_ aee_M_m

_repelXa_ for eagim start

t. _ et s,r, __ e,_ star_,

k. _ Vent.t,q, _en,

B. Speee st_-em, o.t' en:,_

_. St4_e_ _t 2 We_ka



/



llr"4Kq._qL _ _ m _ • Jm_ 1_

I'A (11,I'] 3 -'2't

(()_,IiIimled)
*

B. Tin:din:Lmds

1. _, klcL_t4_'ul

ZO z_ (]ru_ty Raq_tm

Omm/'L.lq._t_tS.pmralckon,

t_ 5 _ eta ru,.



lb.

T.,\ 1_l.l _-')_._ [

IZX.

B. (}as ¥olum in Propellant ?ank

lo /.ucrein'_r 6

E. Envi_mmnb

, 14, Storage

Tim J 2 Woo]as

a. raar,,.1, za_ vlc_mLt_

zaeAa, s_wt.,,

Ao PA-e_ Desor_on

• .. X,_BA, 5.0 (O/r)

b. _lec.mee, t 0o_

2. _Isrs_see

a. Rua-dio-Rm, + I psc'om$

1o _ t_Soee

I. 8tope 6iZ

2. _nt.'tmoMt 6_

0
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TABLE 5-25

SPACE PROPULSION SYSTEM SPECIFICATIONS

Mars Orbit Establishment Vehicle, First Stage

General Propulsion System Description

I. Energy Requirements

A. Total Impulse Required

I. Maximum - 9.8766 x 107 ib-sec.

2. Minimum _ 8.850 x I07 Ib-sec.

B. Maximum Impulse:

I. Increment - 9.8766 x 107 ib-sec.

2. Misslon: Earth Orbit Departure

C. Minimum Impulse

1. Increment - 8.850 x 107 lb-sec.

2. Mission: Earth Orbit Departure

D. Number of Increments - 1 _

II. Thrust

A. Magnitude

1. Steady-State Deslgn Thrust Magnitude

a. Initial Thrust-to-Earth Weight Ratio - O._23T

b. Absolute Value - l_O, OOO lb.

@
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Ill.

2. Tolerance

a. Engine-to-engine:

b. Run-to-run:

3. Throttling

a. Step: None

b. Continuous: None

4. Number of Restarts:

Propellants

A.

B.

C@

+3.0 percent

÷i.O percent

O

Composition:

Mixture Ratio

i. Nominal: 5 (o/f)

2. Tolerance: 15 percent

Specific Impulse

i. Reference Engine Parameters

s. Mixture Ratio:

b. Chamber Pressure:

c. Expansion Ratio:

Liquid Oxygen/Liquid Hydrogen

5 (o/f)

500 psia

30

o Nominal Specific Impulse at Reference Condition_; ;,28 sec.
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iV. i,;n,_ ro_ental Restrictions

A. _ero Gravity Propellant '_upply

1. Liquici/Vapor Separation Requirement:

2. Number of Zero Gravity Engine Starts:

3. Tank Venting: None

!_. Space Storage of Propellants

i. Eng-lronment: Earth Vi cir_ty

2. Storage Time: A few days ,

3. Propellant Temperature Limits

a. Liquid Oxygen

(1) Lower:

(2) Upper:

C •

Do

Provide liquid propellant

for engine start.

i

Propel lant Freezing

Propellant vapor pressure and density must

not exceed limit of propellant tank and engine.

b. Liquid Hydrogen

(i) Lower: Propellant Freezing

(2) Upper: Propellant vapor pressure and density must

_ot exceed limits of propellant tank and engine•

Component Design Restrictions:

System Purging Requirements:

i. N_mber of Purges: None

Protect from or Design for

Earth Vicinity Environment.

-_-3{,_t tl-3'2{}8
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-\

System Component Requirements

I. _irframe and Propellant Tanks

A. Propellants

I. Propeli_nt Descri_,tio:]

a. Propellents:

b. Nominal Mixture Ratio: _ (o/f)

2. Useable Propellant Weigh{:

_e

_a

C_

a. Maximum: 23F, _jO'.)lb.

b. Minimum: 211,7BO lb.

Liquid Oxygen/Liquid Hy4rogen

Reserve Propellant Weight •

a. Flight Performance: 2,35.< lb. (maximum)

3,220 lb. (_aximum)

1,290 lb. (maximum)

None

I_g Lateral

3 g Axial

I_, g Axial

b. Trapped:

c. Fuel Bias:

d. Boil -off:

Tank Loads

I. Handling:

2. Atmosphere Flight:

3. Space Flight:

Zero Gra_ty Requirements

I. ms_ _quid Separation:

.None..... nY, Venting:

ProvlJe ].i,']uid propellant for engine st
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TABIk _, 5-25

(Continued)

II. Pressurization System

A. Purposes of Pressurization: Provide sufficient NPSH for

turbopump operation and assist

?

in providing structural support

as required.

Be Gas Volume in Propellant Tank

i. Increments: 1

C. Environment

1. Storage

a. Time: a few days

2. Thermal: Earth vicinity

IIl. Engine System

A.

Sm

Propellant Description

io

2.

bo

Thrust

I.

2.

Propellants:

Mixture Ratio

a. Nominal:

Tolerance:

Liquid Oxygen/Liquid Hydrogen

5 (olf)

_+O.5 percent

.,Nominal: 150,000 lb.

Tolerance

a. Run-to-Run: +i.0 percent

b. Engine-to-Engine:
[We

+3.0 percent
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TABLI_: 5-25

(Continued)

C. Type of Feed System: Turbopump

D. Specific Impulse
0

I. Nominal: h28 sec.

E. Throttling Requirement

i. Step: None

2. Continuous: None

F. Environment: Earth Vicinity

Q
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